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PREFACE 

The Engineering Design Handbooks of the U S Army Materiel Command 
are a coordinated series of handbooks containing basic information and 
fundamental data useful m the design and development of Army materiel 
and systems. 

In the last several decades— certainly since World War II— a great deal of 
work, both experimental and theoretical, has been performed on explosives 
and their effects. There did not exist in any language a satisfactory, 
comprehensive compilation presenting a unified, self-consistent, theoretically 
competent treatment of this material. Also, a large number of interesting 
contributions from Government-supported and Government laboratories, 
which have now been declassified and should provide valuable information, 
was comparatively inaccessible to the average scientist and engineer. 

This Handbook attempts to correct the dt nation. Presented is a unified 
treatment of the important open literature in which is included not only 
articles in professional journals but also the available military reports of 
importance. Original contributions also have been made to the theoretical 
portions. Much current research on explosion phenomena involves numerical 
solutions to complex mathematical equations of fluid dynamics, chemical 
kinetics, thermodynamics* and heat transport. For this reason a description 
of some of the novel computational techniques (computer codes) that have 
been developed for these purposes is included. While the Handbook is hot a 
comprehensive treatise on explosives, it does discuss at length topic areas 
that are considered to be of greatest value in an exposition of the principles 
cf explosive behavior of liquid and solid explosives, and thus .provides a 
readily accessible collection of important theoretical and experimental 
results on, explosives and explosive effects. 

The Handbook does not cover the synthesis of explosive substances, 
compilation of properties of explosives, or the manufacture of 
explosives — these topics are the subjects of existing handbooks. 

The Engineering Design Handbooks fall into two basic categories, those 
approved for release and sale, and those classified for security reasons. The 
Army Materiel Command policy is to release these Engineering Design Hand- 
books to other DOD activities and their contractors and other Government 
agencies in accordance with cu.rent Army Regulation 70-31, dated 9 
September 1966. It will be note; that the majority o t these Handbooks can 
be obtained from the National Technical Information Service (NTIS). 
Procedures for acquiring these Handbooks follow: 
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PREFACE (Corit'd) 


a. Activities within AMC, DOD agencies, and Government agencies other 
than DOD having need, for the Handbooks should direct their request on an 
official form to: 

Commanding Officer 
Letterkenny Army Depot 
ATTN: AMXLE-ATD 

Chambersburg, Pennsylvania 17201 

b. Contractors and universities must forward their requests to: 

National Technical Information Service 
Department of Commerce 
Springfield, Virginia 22 15 1 

(Requests for classified document mu-t be sent, with appropriate “Need; to 
Know” justification, to Letterkenny Army Depot.) 

Comments arid suggestions oh this Handbook are welcome and should be 
addressed to: 

U S Army Materiel Command 
ATTN: AMCRD-TV 

Washington D C 203T5 


(DA Forms 2028 ( Reconmended Changes: to Publications) , which 
are available through normal publications supply channels, 
may be used, for conments/ suggestions.) 
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CHAPTER 1 INTRODUCTION 


1-1 INTRODUCTORY REMARKS 

Explosives have been known and used for a 
very long time. Black powder— a mixture of 
potassium or sodium nitrate, sulfur, and carbon 
black— has been employed as an explosive since 
ancient times. Nitroglycerin, discovered in 1846 
by Sombrero, and the invention of 
nitroglycerin-based dynamite by Nobel in 186:7 
can be considered as the start of the era of high 
explosive technology. This .era which extends to 
current times has been the development of a vast 
number of military and commercial explosives 
and explosive applications. 

The development of a fundamental theory of 
detonation also had its beginnings in the latter 
part of the 19th century, starting with the 
investigations by Mallard and L 1 Chatelier 
(1881) and of Berthelot and Vieille (1882) on 
gaseous explosions. They found that the 
explosion process, consisted of a progressing 
wave of chemical reaction and distinguished two 
types of reaction waves. The first type is a 
relatively slow moving flame having linear 
velocities on the order of 1 to 10 cm/sec, and 
the second, a very much faster wave (Le., a 
detonation wave) moving on the order of the 
speed of sound (10 4 to 10 5 cm/sec). In 1893 
Shuster suggested that there is an analogy 
between a detonation wave, which is supported 
by energy release from chemical reaction, and a 
nonreactive shock wave, which has to be 
supported by a piston pr similar mechanical 
source of energy. Shock waves had been 
theoretically described in detail by Riemann 
(1860), Lord Rayleigh, and others, and a 
physical model consisting of a moving 
discontinuity in pressure had been shown 
satisfactorily to account for the observed 
properties of shock waves. The laws of mass, 
momentum, and energy conservation across a 
discontinuous shock front had already been 
deduced by Rankine in 1870 and by Hugoniot 
in 1889. The suggestion of Shuster that a 
detonation wave is a reactive shock formed the 
basis for the development by Chapman (1899) 
and by Jouguet (1905) of the classical 
hydrodynamic-thermodynamic theory of 


steady-state detonation. This theory employs an 
idealized one-dimensional model in which it 
is assumed that the explosion energy is 
instantaneously released in a discontinuous 
shock front across which the conservation 
conditions, of Rankine-Hugoniot apply; The 
velocity of the detonation wave was assumed to 
be the minimum velocity compatible with the 
hydrodynamic conservation equations. The 
Chapman-Jouguet (C-J) theory thus defined a 
unique steady-state detonation velocity which 
could be compared with experimentally 
observed velocities, and detailed, calculations-^: 
gaseous detonations were shown to be in 
excellent agreement with experiment. 

In the period 1940-1943, Zeldovich (USSR), 
von Neumann (USA), and Ddering (Germany), 
each working independently, refined the C-J 
theory and extended it to the case where 
chemical reaction occurs in a finite zone behind 
the front of the detonation wave; This work wa3 
stimulated by the events of World War II, which 
«' ? so gave great impetus to the development of 
many of the modern high-speed electronic and 
photographic techniques for studying details of 
explosion phenomena. 

At the present lime there exists a substantial 
corpus of theory and experimental data that can 
ba said to provide a good description of many 
aspects of explosion processes. The theory is, 
however, incomplete in many respects in that it 
deals, in the main* with idealized configurations 
not met with in practice and does not treat at all 
some of the events upon which the performance 
of an explosive depends; If we use the existing 
theory as a point of departure, there are many 
areas which can be fruitfully explored in the 
theoretical and experimental investigations, 

In this handbook an attempt has been made to 
describe the principles of explosive behavior as 
they apply to condensed explosives. It has been 
the principal aim w> present a comprehensive 
treatment of those topics that are necessary for 
an appreciation of the literature reporting the 
results of current research. The authors have 
developed most of the important relations of 
thermodynamics and hydrodynamics upon 
which the theoretical treatment of explosion 
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phenomena is based. The classical theory is 
developed rigorously and in detail, since this 
theory is the basis both for an understanding of 
actual explosion phenomena and for the 
theoretical investigations that are currently in 
progress. The treatment of topics for which 
theory is incomplete is necessarily more 
qualitative and relies heavily on discussions of 
experimental data and simple physical models. 
The techniques employed in obtaining the 
experimental data are therafore discussed in 
some detail; Much current research on explosion 
phenomena involves numerical solutions to 
complex mathematical equations of fluid 
dynamics, chemical kinetics, thermodynamics, 
hydrodynamics, and heat transport. For this 
reason some of the novel computational 
techniques (computer codes) which have been 
developed for these purposes have been 
described. 

It has not V:n the aim of the authors to 
provide a comprehensive treatise on explosives, 
but rather to discuss at length topic areas which 
are thought to be of greatest value in an 
exposition of the principles of behavior of liquid 
and solid explosives. 

1-2 DESCRIPTION OF EXPLOSIVE 
PROCESSES 

Explosives are substances or mixtures of 
substances which are capable of undergoing 
exothermic chemical reaction at extremely fast 
rates to produce gaseous and/or solid reaction 
products at high pressure and temperature. In 
the case of a typical “CHNO” explosive such as 
TNT, the molecule— which contains carbon, 
hydrogen, nitrogen, and oxygen (see Table 1-1) 
undergoes a decomposition reaction followed by 
reduction-oxidation reactions which eventually 
lead to low molecular weight detonation 
products such as CO*, CO, H a O, N 2 .and solid 
carbon (cf. Chapter 3). The chemical reactions 
" occur in microseconds with an energy release of 
* 10 3 cal/g. For cast TNT this can result in a 
detonation wave with pressure, temperature, and 
velocity of * 200,000 atm, 5 * 3000° K and ~ 
7000 m/sec, respectively. The large energy 
release and fast velocity of the detonation wave 
represent a tremendous power level of energy 
conversion, * 5 X 10® W per sq cm of 
detonation front. This value can be compared 


with the total United States el/*ctric generating 
capacity of * 3 X 10 11 W. It is the high power 
level and high reaction pressure generated which 
give rise to the primary application of 
explosives, namely, as compact sources of 
energy for blasting. Other applications (e.g., 
welding) relate to the strong shock wave that is 
associated with the detonation front. 

Since the performance of an explosive 
depends strongly on its energy release in 
detonation, considerable theoretical and 
experimental effort has been carried out to 
predict and to measure the energy 6f 
detonation. The thermodynamic theofy 
developed in Chapter 2 and the discussions in 
Chapter 3 relate directly to this subject. 

Observation of a detonation wave progressing 
along a long cylindrical charge of explosive will 
show that the wave moves at constant velocity. 
In the more energetic military explosives this 
velocity may be as high as 8000 m/sec. The 
detonation velocity is relatively easy to measure 
and for many years was virtually the only 
experimental data available. However,, with the 
advent t f high speed electronic recording 
equipment streak camera photography, flash 
X-ray, and manganin pressure gages, having time 
resolutions of « 10 8 sec, it has been possible to 
measure detonation pressures as high as 400,000 
atm, and particle velocities at the detonation 
front (cf. Chapter 5). Unfortunately, 
experimental techniques for reliable 
measurement of detonation temperature have 
not as yet been developed. 

The constancy of the speed of detonation can 
be readily explained in terms of 
Gnapman-Jouguet (C-J) theory and the 
Zeldovich-von Neumann-Ddering (ZND) model, 
which are developed in detail in Chapters 6-8. In. 
this approach, the detonation wave may be 
considered as a strong shock wave supported by 
energy release in a small zone of chemical 
reaction just behind the front of the shock, i.e., 
the detonation front. The almost instantaneous 
compression and heating of the explosive as it 
passes through the detonation front triggers the 
supporting chemical reactions. 

The stable detonation velocity as described by 
classical C-J theory represents an upper limit oy 
ideal detonation velocity, and strictly refers to a 
planar detonation wave. Such waves are indeed 
found to be approached in cylindrical charges of 
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large diameter. In practice, however, it is found 
that in small diameter cylindrical charges the 
detonation front is curved, and its velocity 
depends upon the degree of charge confineme? * 
and charge diameter. Also it is observed that for 
each explosive there is a critical value of charge 
diameter d c below which a steady-state 
detonation will not propagate. For example, d c 
is about 1 cm for cast TNT, about 10 cm for 
ammonium nitrate, and about 160 cm for some 
types of rubber-base composite propellant. The 
explanation of these “nonideal” detonation 
phenomena relates to the effects of charge 
expansion and lateral energy losses on the rate 
of chemical reaction in the detonation reaction 
zone. “Nonideal” detonation behavior is 
discussed in detail in Chapters 9 and 11. 

If we take a solid explosive such as cast TNT 
and set a match to it, it will probably bum 
(deflagrate) with a linear velocity of ** 1 cm/sec. 
However, if we strongly shock the explosive it 
will detonate at « 7 X 10 5 cm/sec. It can also be 
observed that if a burning explosive is confined 
or if the explosive is porous, a deflagration to 
detonation transition will occur some place in 
the material. This brings up very practical 
questions such as what are the conditions which 
cause the initiation of detonation in an 
explosive, and why do different explosives, or 
even the same explosive at different bulk 
densities, react differently to initiating 
stimuli— e.g., shock, impact, friction, spark, heat, 
etc.? The need to design reliable detonation 
initiation devices and to prevent accidental 
initiations lent early impetus to studies devoted 
to characterizing the ease of initiation or 
sensitivity of explosive materials. 

There is now substantial evidence that all 
^detonation initiation processes are essentially 
thermal in origin. By this is meant that initiating 
external stimuli such as shock, impact, and spark 
ctuse heating of the explosive and the creation 
of thermal explosion— sometimes in small 
localized regons of the explosive charge, i.e., 
hot spots, The thermal explosion, if it is of 
sufficient intensity, will propagate a deflagration 
and/or shock wave which eventually leads to the 
formation of a detonation wave. The factors 
which determine whether or not the stimulus is 
sufficient to cause thermal explosion and 
whether or not the thermal explosion is of 
sufficient intensity to grow to detonation are 


very complex, involving chemical kinetics, 
thermodynamics, mass and heat transport, and 
hydrodynamic flow. A detailed discussion of 
thermal explosion and its application to 
detonation initiation are given in Chapters 10-12. 

As indicated earlier, one of the main 
applications of condensed explosives is as an 
energy source for blasting. The transmission of 
detonation energy to the medium surrounding 
an explosive relates not only to the properties of 
the medium but also to the properties of the 
explosive; e.g., detonation velocity, energy, 
pressure, product composition, etc. The theory 
of blast propagation in air and water from an 
spherical explosive charge is described in detail 
in Chapter 13. The theory is of significance in a 
book on explosive behavior since it sets, the 
foundation and limitations of the concept of 
“TNT Equivalent” which is often used in 
evaluating explosive performance, as well as 
forming the basis of some of the experimental 
determinations of the energy of detonation (cf. 
Chapter 3). 

Finally in Chapter 14 we discuss some of the 
equilibrium thermodynamic and time dependent 
hydrodynamic computer codes which are 
currently bung used in calculating explosive 
properties and explosives* behavior. 

1-3 TYPES OF EXPLOSIVE 

It has become traditional to distinguish 
between various types of explosives. Most 
military explosives consist of pure compounds 
or of relatively simple mixtures of explosive 
compounds. In such compounds the oxygen is 
normally bound in nitro- or nitrate-groups, and 
the explosion reaction consists of the 
decomposition of the molecule of the explosive 
substance. Many commercial explosives consist 
of mixtures of various kinds. The may 

consist of a substance which itself is an explosive 
to which are added various materials which may 
serve as added fuel, added oxidizer, or inerts. 
When inerts are present, their function is usually 
to serve as a thermal ballast and thus to 
moderate the energy available for useful work or 
the temperature of the gaseous products. If one 
or more of the ingredients of such mixtures is an 
explosive substance, it is useful to call the 
mixture a hybrid explosive. Commercial 
dynamites provide an example of explosives of 
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this type. A very large number of formulations 
exist, each of them tailored to meet a particular 
commercial need and to comply with safety 
requirements imposed by the particular use. 
Another type of explosive mixture may consist 
of two or more substances none of which of 
themselves are explosives. These may be called 
composite explosives. Typically they consist of 
mixtures of a substance serving as fuel and a 
substance serving as oxidizer. Mixtures of the 
oxidizer ammonium nitrate, which can only be 
exploded with great difficulty, and fuel oil are 
examples of this type which have recently 
become very prominent as cheap blasting agents. 

Most explosive charges contain a main charge 
which is designed to accomplish the particular 
task for which the explosive is intended. The 
common explosives with a sufficiently high 
energy and pressure of explosion are normally 
somewhat difficult to initiate. These materials 
are called secondary er plosives. Typical of this 
class are the military explosives TNT, RDX, and 
the commercial dynamites. To provide reliable 
initiation, the charge will contain an initiator 
employing a substance easily initiated by a 
thermal source or by mechanical shock but 
whose energy and pressure of explosion are too 
low for use as a main charge. These materials are 
called primary explosives. Lead azide and 
mercury fulminate are well-known examples. A 
typical explosive device (see Fig. 1-1) consists of 
a train composed of an initiating charge of 
primary explosive, a main charge of secondary 
explosive, and a booster charge which is initiates 
by the primary explosive and which 
accomplishes the initiation of the main charge. 
The booster, therefore, serves as an intermediate 
step in the detonation of the main charge. The 
more sensitive secondary explosives are 
employed as boosters. Tetryl and PETN are 
frequently used for this purpose. Blasting caps 
are themselves explosive trains, containing a 
small amount of primary explosive and a booster 
charge which today is often PETN. 

Some typical explosive compounds are listed 
in Table 1-1. Table 1-2 gives the compositions of 
some explosive mixtures. 


14 SOME DEFINITIONS 

We wish here to define the meaning of several 
terms that are employed in the discussion of the 


properties and behavior of explosive substances. 
Some of these terms are in everyday use with 
meanings that are in varying degrees of 
imprecision. Some are not even capable of 
precise definition but are in such common use as 
to have a more or less established meaning 
through usage. The word “explosion” is in this 
category as is, for example, the word “fire”. 
Some terms are susceptible to exact definition 
but are frequently misused; such as the word 
“detonation”, which should only be used in the 
case of reaction by a detonation wave. 

,An explosive can be loosely defined as a 
substance capable of undergoing an explosion. 
More precisely we shall employ the word as we 
have in par. 1-2 to designate a substance or 
mixture of substances capable of undergoing 
exothermic chemical reaction with the evolution 
of gaseous products at an extremely high rate. 
Explosives may be in the gaseous, liquid, or solid 
state of aggregation. In this handbook we:sKail 
be mainly concerned with condensed explosives 
that are either liquid or solid. 

An explosion is literally the sudden outward 
projection of a quantity of matter. The term is, 
for example, applied jo the event following the 
rupture of a steam boiler in which steam and 
possibly boiler case fragments undergo a rapid 
excursion. The term is also applied, for example, 
to the event that follows the sudden admixture 
of liquid water to molten materials at a 
temperature substantially in excess of the 
boiling point of water. As a final example, thie 
term applies to the event resulting from the 
overpressurizatiori of any container. AIL of these 
meanings are endorsed by everyday use. 
However, in this handbook we shall employ the 
word in a more restricted sense to refer to the 
overall process by means of which an explosive 
is suddenly converted to gaseous products 
which* as will be shown, are at high temperature 
and pressure. We shall frequently refer to the 
chemical products of this process as explosion 
products. 

It may be noted that explosives may undergo 
slow reactions to gaseous products (cf. Chapter 
3). If the rate of these reactions is so slow that 
high temperature and high pressure are not 
obtained, the process is not an explosion. 

The term thermal explosion is us«d in a special 
sense that is fully discussed in Chapter 10. It is 
the result of runaway exothermic chemical 
reaction which occurs when the rate c* 
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EXPLOSIVE ( LEAD AZ^DE) 

INITIATION STIMULUS (.BRIDGEWARE) 
ELECTRICAL LEADS 


Figure 1 - 1 . Model of Explosive Charge 


evolution of heat within a reacting volume is 
greater than the rate at which that volume can 
lose heat by conduction to a heat sink which 
surrounds the volume. This is a precisely defined 
process that can be fully described by the laws 
of chemical reaction rates and heat conduction. 
For the present we wish only to note that it is a 
process that occurs in a static system, does not 
involve the flow of either reactants or products, 
and in consequence does not depend upon the 
laws of hydrodynamics. 

. If a substance is capable of undergoing an 
.exothermic reaction, which we are calling an 
explosive, and if such a reaction is initiated in 
some local region of a larger mass of material, 
then a reaction wave may propagate from the 
point of initiation throughout the mass. Under 


these circumstances the chemical reaction takes 
place within the wave. Even if the mass is 
initially static, the propagating wave induces 
flow in the material and thus is governed by 
hydrodynamical as well as chemical 
considerations. If the propagation velocity is 
constant, the wave may be said; to be 
sUady-state (even though the associated flow 
may not be stationary everywhere in any frame 
of reference). In general, two flow ngimes are 
observed, If the propagation velocity (i.e M the 
rate at which the wave advances into unreacted 
material) is less than the velocity of sound in the 
unreacted material, the reaction wave is said to 
be a deflagration. If a deflagration wove is held 
stationary by a flameholder such as a burner rim 
and the unreacted material flows through it, the 
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TABLE 1-1 TYPICAL EXPLOSIVE SUBSTANCES 
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TABLE 1-1 TYPICAL EXPLOSIVE SUBSTANCES (CpntfmMd) 




(HO) Nitroglycerin 


liquid ••cundury 

•xpl**lv« lufredUnt 

in cumOMrcU! 

•xploelvet 


(Tutryl) Trinicroptwnyl 
utthylnltrsqiiw 


liquid aucMdury 
•xptoulva 


O.H - 0 - CM - 0 - HO, 

2 1\ / 2 2 

C 

0 M - 0 - CH*^ ^CM, - 0 - HO„ 


ror * 


(T!**T1) 2,a f 2-trlnttrouthyl- 
■4,4,4-trl«ltroWityr»t« 


0 - GN s e{N9j)' 3 

C "-0 

N 0 - CH,C(MO ) 


(TW) T«tr*itUroMt*ai« 


(TXT) Trinitrotoluene 
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TABLE 1-2 COMPOSITIONS OF SOME EXPLOSIVE MIXTURES 


Name 

Amatol 

Ammonium Nitrate Dynamite 
B^utol 

[Blasting Gelatin 
Composition B 
Cyclotol 
Dynamite 

PBX9404 

Pentolite 


Composition 

Mixture of TNT and AN (80% AN, 20% TNT is typical) 

10% NG, 80% AN, 10% carbonaceous material is typical 
67% Barium nitrate, 33% TNT 
92% NG, 8% nitrocellulose 
6.0%RDX, 40% TNT (with 1% wax) 

Mixture of RDX and TNT (50% RDX, 50% TNT is typical) 
Mixture of NG, sodium or potassium nitrate, and wood pulp 
(40% NG is typical) 

Plastic bonded HMX.(94% HMX) 

Mixture of TNT and PETN (50% TNT, 50% PETN is typical) 


deflagration wave is the familiar flame. The 
propagation rate of a deflagration wave is called 
either the deflagration velocity or more 
customarily * in combustion literature, the 
burning velocity. If the propagation velocity of 
the reaction wave is supersonic with respect to 
the unreacted material, the wave is called a 
detonation wave and its velocity of propagation 
is called the detonation velocity. 

It is worth noting,, that a process involving a 
detonation wave can always be called an 
explosion. However, not all explosions involve a 
detonation wave since the explosion may result 
from a deflagration wave or a thermal explosion. 

In citing various typical explosives we have 
noted that they are frequently broadly classified 
into primary and secondary explosives, and that 
some secondary explosives are employed as 
boosters. This is a working classification based 
upon the use to which the substance is normally 
put in an explosive system or train and which is 
based upon a property of the material called the 
sensitivity. Primary explosives are used because 
they can be initiated by thermal sources such as 
hot wires or flames. As a class they can also be 
initiated by relatively mild blows. Such 


explosives are said to have a high sensitivity. In 
contrast, secondary explosives, as a class, are 
difficult to initiate from thermal sources and 
require a relatively severe impact to initiate 
explosion. These explosives are considered to 
have a lou. sensitivity. 

The concept of sensitivity is, at least 
historically, a qualitative one. Sensitivity has 
usually been measured by a variety of different 
empirical tests in which samples of explosive are 
subjected to controlled and measurable 
initiation stimuli. Typical of such tests is one in 
which the sensitivity is measured /by the distance 
of travel of a falling weight, onto a small mass of 
explosive, that is required to produce an 
explosion. Thus, the impact sensitivity of an 
explosive is its response to an impact test in a 
specific drop-weight apparatus. Similarly, the 
friction sensitivity is the response to an 
empirical friction test. Test results depend on 
the test method and also upon a variety of 
physical and chemical properties of the 
explosive in a way that is hot usually well 
defined. In consequence; different methods of 
evaluating sensitivity may not place explosives in 
the same order of sensitivity. 
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CHAPTER 2 THEORETICAL BACKGROUND 


2-1 INTRODUCTION 


The theoretical description of explosion 
phenomena has relied mainly on the science of 
thermodynamics to provide a (Ascription of the 
properties of the product of the decomposition 
of an explosive and on the science of 
hydrodynamics to formulate the laws governing 
the motion of these products. It is the intention 
of this chapter to present the results, of these 
sciences that are required in the later 
development of the topics covered in this 
handbook, and to state the assumptions that are 
made in order to apply the methods of these 
science? to the description of explosion 
phenomena. The topics discussed in this chapter 
may be pursued in greater detail in standard 
treaties on thermodynamics 1,2 * and 
hy<irodynamics 3 ,4 . 

Although this chapter and others are replete 
with mathematical formulas and notation, the 
nonmathematician will find the text material 
amply rewarding for the time spent in reading 
it" — it is not essential that one be a 
mathematician to understand the text. 

2-2 DESCRIPTION OF THE COMPOSITION 


In this paragraph is defined the notation used 
to describe the unreacted explosive and the 
explosion products. As an example of the 
reaction equations to be considered, let us 
consider decomposition of the explosive TNT, 
C H.0 N The predominant products are 
expected to be C, CO, H 2 , and N . A 
conventional decomposition equation for TNT is 

CtV.N, - C + 6CO + -~ H, +| N„ (2-la) 


which provides an approximation to the 
composition of the explosion products. A more 
general decomposition equation is 


(9jC + q 2 CO + q,H 2 


(2-lb) 


+ 9 4 N 2 + 95 C0 2 


+ q^O + <J 7 H) 


* Superscript number* refer to reference* at the end of 
a chapter. 


where q indicates the quantity (moles/gram) of a 
product and M is the gram-molecular weight of 
the explosive. It is often assumed that the 
composition of the mixture remains “frozen*’ 
during the flow following decomposition, i.e., 
that each q is constant. In the more general case 
considered here, each q is allowed to vary within 
the constraints of chemical equilibrium. In 
preparation for this treatment, we introduce a 
notation which allows development of the 
thermodynamics arid hydrodynamics in general 
terms without restriction to the chemical nature 
of the mixtures. 

We consider a mixture of s different chemical 
species or constituents and employ the index i ( i 
= 1, 2, ... s) as a constituent index. Thus, for 
example, if the list of chemical species is C* CO, 
etc., the index i * 1 designates the species C, the 
index i “ 2 designates the species CO, etc. The 
composition of the gas phase of a mixture of 
many constituents can be described by the mole 
numbers n { (i * 1 , 2, ... s), where n { 
(moles/gram) is the number of moles of the i-th 
constituent in unit weight (e.g., one gram) of 
mixture. We shall assume that any condensed 
phase in the mixture is a pure phase, thus 
excluding consideration of , solid or liquid 
solutions, and we denote by rtjf* J and n t (t) J the 
number of moles of liquid and solid species i in 
unit weight of the mixture. The composition of 
the mixture is thus described by the numbers n { , 
n^*), and n ( ( g> (i * 1, 2; ... s). The phase rule 
imposes a restriction on the number of the 
quantities n { <v end nj g) that may be nonzero. 
In mixtures of practical interest, most of these 
quantities will be zero. If they are all zero, the 
system is homogeneous, consisting of a gas phase 
only. 

We designate by c the number of different 
chemical elements contained in the s different 
species comprising the mixture and employ an 
index, k(k ~ 1, 2, ... c), as an element index. 
Thus, for example, if the list of elements is C, H, 
etc,, the index k * 1 designates the element C, 
the index k * 2 designates the element H, etc. 

The gross composition of the system can be 
described by the quantities qjfc ( k « 1, 2, ... c), 
where q' k is the number of gram-atomic weights 
of the k-th element contained in unit weight of 
the mixture. If the gross composition of the 
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system of interest is described by some other set 
of parameters, the quantities q' k can always be 
obtained by simple consideration of 
stoichiometry, and we assume that this has been 
done. For example, the TNT formula referred to 
in Eq. 2-la is associated with the set of numbers 
which can be represented by the yector q ' * 
CV/Af, 5/A/, 6/A/, 3/M). 

In a system containing n.iny constituents, it is 
possible to select a set of constituents which are 
sufficient for the complete description of the 
gross composition. Thus if the mixture consisted 
of the selected constituents only, the amounts 
of each element present in the hypothetical 
system would be the same as those in the system 
of interest. The constituents thus sufficient to 
describe the system are called the components of 
the system. One possible set of components for 
the reaction products of TNT is given in Eq. 
2-la. The. number of components is usually, but 
not necessarily, equal to the number of 
elements. For the development here in which 
the explosion products as well as the explosive 
are expressed as a sum of the components, the 
number of components c is set equal to the 
number of elements. We employ an index, ffi* 
1, 2, ... c), as a component index. Thus, for 
example, if the list of components is C, CO, etc., 
the index / * 1 designates the component C, the 
index; * 2 designates the component CO, etc. 

the molecular formula of the i-th constituent 
or chemical species of the mixture of explosion 
products cam be formally represented by 


y<° »x ( a l> -x? 

II ih a ic 


( 2 - 2 ) 


where X (k) is the symbol of the k-th element 
and a lk is the subscript (which may be zero) to 
this symbol in the forumla of the i-th species. 
For every species /, the array a {k (k * 1, 2, ... c) 
defines a yector 


y, ■ («,„••• «/*- - « fc ) ( 2 ‘ 3 ) 

that can be called the formula vector of the i-fh 
substance. As shown by Brinkley 6 it is a 
necessary condition for the selection of a proper 
set of components that the formula vectors of 
the selected constituents be linearly 
independent, which implies that the determinant 
| does not vanish. 


We denote by q f (moles/gram) the number of 
moles of the j-th component in unit weight of 
the hypothetical system consisting of 
components only. The quan iities q } ( j * 1, 2, ... 
c) are called the stoichiometric constants of the 
system for a particular choice of components. 
For a proper set of components we require that 
the stoichiometric constants q s be greater than 
zero for ail j. The stoichiometric constants 
indicate the quantity of each component 
without regard to phase; hence, they are sums of 
the mole numbers: 

q } = n } + nj* } + nj g) ( 2 * 4 ) 

Since this hypothetical system is to have the 
same gross composition as the system of 
interest, then the quantity of each element must 
be the same in each system. Hence 

£ = 4* for k => 1, 2, ••• c ( 2 ' s > 

The q j provide a specification of the gross 
composition of the system that is an alternative 
to that provided by the . 

A choice of components is generally not 
unique. If it is arbitrarily assumed that the 
chemical elements in their standard states (e.g., 
C, 0 2 , N ...) are members of the system (even 
though the concentrations of the elementary 
species may be so low as to be negligible), the 
elements constitute a proper choice of 
components. The elements as atoms (i.e., in 
dissociated forms) always constitute a proper set 
of components even though they may be present 
in negligible concentrations. Then q * q'. 
However, use a set of components other than 
the elements is advantageous if the hypothetical 
system of components is a good approximation 
to the system of interest. This will be the case if 
it is possible to select as components the 
predominant species of the mixture and if the 
concentrations of the species that are not 
selected are small enough to be neglected as a 
reasonable approximation. 

If the hypothetical system of components is 
an adequate representation for the mixture 
resulting from the decomposition of an 
explosive, the equation for the decomposition 
reaction can be written from stoichiometric 
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o 




considerations alone. An example of such a 
simple reaction is given as Eq. 2-la. We can 
generalize the decomposition of an explosive by 
the equation 




/-i 


h ¥j - yfl 88 2 > - ^ 


J m i 
where y. 
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taken to be the components, ft ; * a f/ . To each of 
Eqs. 2-7a there corresponds a chemical reaction 
that can be represented formally by 


(2-6) 


f ft, y<‘> = l* 8 


(2-7b) 


where (x t ... ...*,) is the formula vector of the 

explosive of gram-molecular weight M, and Y U) 
represent the formulas of the constituents of a 
hypothetical mixture of products satisfying the 
critera of a proper set of components. The of 
Eq. 2-6 satisfy Eqs. 2-5 with q' k - xJM . A 
decomposition equation of the form of Eq. 2-6 
is called a conventional decomposition equation. 
Conventional decomposition equations have 
been widely employed to obtain approximate 
descriptions of the composition of the products 
of toe decomposition of explosives. The validity 
of the approximation cannot be judged a priori. 
In general, it is necessary to compare the results 
with those of a bev :r approximation such as 
that resulting from the assumption that the 
explosion products are in thermodynamic 
equilibrium. 

The calculation of the composition at 
equilibrium of a system of many constituents is 
carried out by a method of successive 
approximations. The procedure requires the 
specification of an initial approximation. If the 
calculation is to be carried but on a computer, 
the initial approximation must be specified in a 
well-defined manner. The approximation 
provided by the hypothetical set of components 
is well-suited for this purpose. It leads to a more 
rapid convergence of the successive 
approximations to the equilibrium composition 
than is obtained with a physically less realistic 
initial approximation. 

We now introduce the algebra required to 
express the constituents in terms of the 
components. Then the method of calculating 
equilibrium composition of the product mixture 
can be discussed. The formula vector of the i-th 
constituent can be expressed as a linear 
combination of the formula vectors of the 
components 


resulting in the formation of each of the 
constituents of the mixture from the 
components. 

For a given choice of components, the 
reactions in the form of Eqs. 2-7b can always be 
written by inspection, using the customary rules 
for balancing chemical equations. The formal 
discussion of this paragraph is intended only to 
display the meaning of the coefficients j3 y , since 
it is possible to formulate a computer program 
tiiat will construct ft table (matrix) of the 
coefficiente ft/ from the coefficients cq h . 

The conservation of mass by the reactions of 
Eqs. 2-7b can be expressed by the relations 


M. 


Wi 


(2-8) 


‘ 2 

where Af i and M (grams/mole) are the 
gram-molecular weignts of the i-th onstituent 
and j-th component, respectively. The 
conservation id! mass in the system as a whole 
requires that 




On substituting Eqs. 2-7b into Eq. 2-9 and 
equating the coefficients of there are 
obtained 


(2-9) 


| i ft y (n / + n™ + n\‘>) * % 


(2-10) 


(2-7 a) 


fonnula vector of the j-th 
component. If the dissociated elements are 


(j = 1, 2, ... s). Eqs. 2-10 are the stoichiometric 
conditions . 

According to the phase rule, the number of 
condensed phases is at most c + 1 (and this 
number of condensed phases can coexist in 
equilibrium with a gas phase only for a uniquely 
specified set of stoichiometric constants at a 
uniquely specified temperature and pressure). 
We simplify Eqs. 2-10 by making the assumption 
that any condensed phase is a pure component 
whose state of aggregation (solid or liquid) is 
known. More gerieral threatments, of 
heterogeneous systems present' no special 
difficulty but result in a considerable 
amplification of the notation required for a 
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general discussion. The systems of interest in 
this handbook are all compatible with this 
restriction. With this assumption, Eqs. 2-10 can 
be written 



where n] is the number of moles of condensed 
(solid or liquid) component j in unit weight of 
the mixture. 

If the equilibrium composition of a mixture is 
to be determined, the constituents to be 
considered must be chosen a priori . The 
selection will usually imply the neglect of 
certain species whose concentrations at 
equilibrium can be expected to be negligibly 
small. In general, the correctness of the choice 
can only by confirmed a posteriori by a 
calculation demonstrating that the 
concentrations of the neglected species are in 
fact negligible. In some applications, additional 
species may be arbitrarily excluded from 
consideration even though their equilibrium 
concentrations may be significant, provided 
kinetic consideratons imply that the rate of their 
formation is too small to be significant under 
the conditions of their application. 

We may illustrate the r jtation of this section 
by considering the decomposition products of 
TNT. We assume a priori that the products 
consist of a mixture of solid carbon with a gas 
phase comprised of C, CO, H , N £ , CO , H 2 Q, 
H, In this list we have arbitrarily neglected a 
number of possible dissociation products; they 
can be included if desired. Because of the 
oxygen deficit in the TNT molecule, we expect 
the most abundant species to be C, CO, H 2 , N ? , 
'^nd we ; select these species as components. The 
coefficients of the formula vectors and ft. -of 
Eqs. 2-7 are collected in Fig. 2-1. The first four 
rows of the array (matrix) of the ^ correspond 
to the identities resulting from the choice of 
components. The remaining rows represent the 
chemical reactions of Eqs. 2-7. 

2 CO - C - C0 2 
H 2 + CO - C « h 2 o 
m 2 - H 

by means of which those constituents that are 
not components are formed from those that are. 
ForTNT,C 7 H 6 0 6 N 3 , 


q[ = 7 JM; q! 2 = 6/M; q' 3 ■ 5/M; q\ » 3/M 

where M - 228.18 is the molecular weight of 
TNT. The solution of Eqs. 2-3 is 

q x = 1/M; q 2 - 6/M; q 3 - 5/2M; q A = 3/2 M 

2-3 THE LAWS OF THERMODYNAMICS 

Thermodynamics is an exact mathematical 
science, based upon a small number of basic 
premises or postulates from which all the results 
of the science are deduced by logical processes. 
Application of the science to physical systems 
always involves . lditional hypotheses separate 
from the science itself. It ismecessary to assume 
the relevance of the mathematical model to the 
physical system to the one-to-one correlation of 
quantities, employed by the science to physically 
measurable properties of the system. It is also 
necessary, except in trivial cases, to appeal either 
to experiment or to other theory to evaluate the 
various functions required by the application of 
thermodynamics in their dependence upon the 
independent variables of the physical system. 

A thermodynamic system (closed system) is 
one that interacts with the surroundings by 
exchanging heat and work through its boundary; 
an isolated system is one that does not interact 
with the surroundings. The state of a system is 
determined by the values of its various 
properties, the nature and necessary number of 
which are to be determined. A system is 
composed of a finite number of homogeneous 
parts, called phases. For some applications, it 
may be necessary to consider the finite number 
of nonhomogeneous regions forming the 
boundaries between pairs of homogeneous 
phases; for most cases, the extent of such 
regions is small and they can be neglected in 
comparison to the homogeneous regions. Some 
properties of the homogeneous phases are 
regarded as fundamental; i.e., temperature, 
internal energy, pressure, entropy, and volume. 

Properties such as internal energy, volume and 
entropy are called extensive because their values 
for a given phase are proportional to the mass of 
the phase. The value of an extensive property of 
an entire system is the sum of the values of each 
of the constituent phases, The molar value of an 
extensive property is that for a suitably defined 
gram-molecular weight or mole of material. The 
specific value of an extensive property is that for 


t ? 
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unit weight (e.g., one gram of material. We will 
generally employ a capital letter to designate an 
extensive property for weight M of material, 
where M may be a suitably defined 
gram-molecular weight, and the lower case letter 
designates the value of the extensive property 
for unit weight. A property is called intensive if 
its value for a given phase is independent v of the 
mass of the phase. The temperature and pressure 
are such intensive properties. 

A thermodynamic process is said to have taken 
place if a change is observed to have taken place 
in any macroscopic property of the system. An 
infinitesimal process is & process in which there 
is only ah infinitesimal change in any 
macroscopic property of the system. A natural 
process is an infinitesimal process that occurs 
spontaneously in real systems; an unnatural 
process is one that cannot occur spontaneously 
in real systems. Reversible processes are either 
natural or unnatural- processes which can occur 
in either direction between two states of 
equilibrium. 

The first law of thermodynamics for an 
isolated system can be stated as follows: There 
exists a function of the state of a uniform phase 
called the energy which is conserved for any 
process over all the phases participating in the 
process. For an infinitesimal process, the first 
law is 


2 d&:"' = 0 (2-12) 

k 

where E (k} is the energy of the k-th phase. 
Note that k now refers to the phase (solid, 
liquid, or gas), not to the element as in the 
preceding paragraph. Because energy is an 
extensive property, the energy of the whole 
system is defined by 

E = 2E {k) (2-13) 

k 


circumstances the external work performed on 
the k-th phase is reversible, equals p (ky >dv <k) y 
and 

dE - = Bq»>- p°"dV k> (2-14) 

where 8q (ki is the heat absorbed by the 
phase, p (k J is the pressure of the k-th phase, and 
dV (h) is the differential increase in volume of 
the phase during the process producing the 
change dE (k) m.E (k >.. 

The second law of thermodynamics for an 
isolated system can be stated as follows: There 
exists a function of the state of a uniform phase 
called the entropy which is conserved for any 
reversible process and which increases for any 
irreversible process over ail of the phases 
participating in the process. For an infinitesimal 
process 


IdS 11 ” > 0 (2-16)} 

where S (k> is the entropy of the fc-fn:pnase. The 
equality sign refers to a reversible process and 
the inequality sign to an irreversible one. 
Because entropy is an extensive property, the 
entropy of the whole-system:!-) defined" by 

* - 2S <k) (2*6) 


The statement of the second law completed 
by the further assumption that idr a particular, 
phase participating in a reversible process 

^ ( 2 - 17 ) 

where T (k) is the temperature of the uniform 
k th phase and 6q (k} is the heat absorbed by the 
phase from its surroundings in the reversible 
process producing: the change dS (k * in S (k} . 
Then Eq. 2-14 can be written 


We shall here limit consideration to the case in 
which all of the work done on a phase is 
produced by the pressure exerted on the phase. 
We suppose that the phase is in pressure 
equilibrium with its surroundings in the sense 
that if the pressure exerted by the phase on its 
surroundings is p } the pressure exerted by the 
surroundings is p + dp or p - dp. Under these 


dE < k > = i* k >dS' h) - p { "dV k) ( 2 * 8 ) 

for a reversible process. 

Note that tne summation of Eqs. 2-12 and 
2-15 is over all of the phases performing work or 
exchanging heat during the process, and the 
total system described by these equations is an 
isolated system for which the total volume is 
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constant and tho**'»h the boundary of which no 
heat flows. 

In textbooks on thermodynamics, it is shown 
that a general {reversible or irreversible) 
infinitesimal change in the energy E (k) of a 
phase k can be written 

dE (k> » J ,k, dS <kl - p w dV h> (2-19) 

+ MEp <kl dn <k> 


dS » EdS (k> ,dH =* Xdrf k> 

k k 

dV= ZdV" , dF - ^dF (k> 

k *r 

dE - EdE lk> , dG - EdG tk> 

k k 


(2-23) 


When the definitions of Eqs, 2-20, 2-21, and 
2-22 are differentiated and combined with Eq. 
2-19, we obtain 


where M is the total mass of the system (not the 
gram-molecular weight as in the previous 
paragraph) uf k) is called the chemical potential 
of the k-th phase of the i-th constituent. 
Equation 2-19 can be shown to be compatible 
with the first and second laws of 
thermodynamics. 

If independent variables other than the 
entropy and Volume are to be employed for a 
particular system, it is convenient to define new 
extensive variables: enthalpy, Helmholtz free 
energy, and Gibbs free energy. The new state 
variables are defined in terms of quantities 
already introduced; they do not provide 
additional information concerning the state. The 
characteristic function for the independent 
variables entropy, pressure, and the mole 
numbers is called the enthalpy, denoted by If, 
and defined for a phase k by 

H< k > * ( 2 - 20 ) 

For the independent vari*ble*~temperature, 
volume, and the mole numbers—the 
characteristic function is called the Helmholtz 
free energy, denoted by F, and defined for a 
phase h by 


m E ih) - (2-21) 

For the independent variables-temperature, 
pressure, and the mole numbenrHhe 
characteristic function is called the Gibbs free 
energy, denoted by G, and defined for a phase k 
by 

qW *s H (k) « jMgW ( 2 * 22 ) 

For any infinitesimal process of the whole 
system the extensive properties satisfy the 
equations 


dH (h> « T /k) dS (k) + V k) dp ki + JH£pf k *dnf k) | 
dF <*' - - S <k, d7< k) -p {k) dV**' + MZp! k {dn ( ;> ■ 
dG (k> - - S ik} d¥ ki + V k) dp lk> + M2p ,k, dn <kl 


(2-24) 


For a particular phase, the chemical potential 
can be defined by any one of the relations 



If the system consists of a single pure phase, 
Eqs. 2-19 and 2-24 can be written 


dE * TdS - pdV 
dH * TdS + Vdp 
dF - - SdT - pdV 
dG * « SdT + Vdp 


(2-26) 


when it is unnecessary to retain the superscript 
label of the phase. These expressions, for any 
infinitesimal process involving only a single pure 
phase, satisfy the first and second laws as 
expressed by Eq. 2-18, 

The variations of Eqs. 2-23* with Eqs. 2*19 
and 2*24 are arbitrary, except that the variations 
dn ( f k} must satisfy the itoielu^etric 
conditions, Eqs. 2-10, which we write in the 
form, 

ESp IJ dn' l k> = 0 (2-27) 

When the assumption is made that a process 
occurs at fixed composition, these connections 
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are automatically satisfied since 


for all j and k by’ definition. 

The equilibrium conditions are the conditions 
under w»,ich a process in an isolated system-as 
described by Eqs. 2-23 and 2-24, and subject to 
the stoichiometric constraints of Eq. 2-27 —is a 
reversible process, i.e., satisfies Eqs. 2-12 and 
2-15. The analysis for the case of fixed 
composition is given in jftandard 
thermodynamics textbooks, e.g., that of 
Guggenheim 2 . The analysis, when the 
stoichiometric conditions are expressed in the 
form of Eq. 2-27, has been published by 
Brinkley*. 

Both under constant composition constraint 
and under the constraint expressed by Eq. 2-27, 
the mechanical and thermal equilibrium 
conditions are obtained in the form 


T"° - T j 

where p and T are the uniform pressure and 
temperature, respectively, of the whole system. 
For the general stoichiometric conditions 
expressed by Eq. 2-27, the chemical equilibrium 
conditions can be obtained in the form 


■ RT fPuh 


vvhere the are parameters that can be 
eliminated between Eqs. 2-27 and 2-30. 

In the derivation of Eqi, 2-29 and 2-30 that 
has bean outlined, a process occurring at 
constant total volume and constant total 
entropy in an isolated system was considered. 
The analysis can be extended to cases where the 
system of interest exchanges heat with its 
surroundings or performs work on its 
surroundings by conceiving of an isolated system 
consisting of the system of interest surrounded 
by an additional phase and separated from it by 
a, membrane impermeable to the exchange of 
matter but througi which heat can be 
transferred or upon which work can be 
performed, or both. If the added phase is 
assumed to be so large that the exchange of heat 
results in a negligible change in its pressure, then 
the process occurring in the system of interest 


may be at constant temperature, or constant 
pressure, or both. It can then be shpwri that Eqs. 
2-29 and 2-30 are the conditions that a process 
be reversible when the process occurs at 
constant entropy and pressure, at constant 
temperature and volume, or at constant 
temperature and pressure of the system of 
interest. Eqs. 2-29 and 2-30 are thus the 
conditions for any infinitesimal process to be a 
reversible process and they are thus the general 
conditions fOi equilibrium. 

When Eqs. 2-28 and 2-29 are satisfied, the 
system is in mechanical and thermal equilibrium, 
but is constrained to constant composition. It is 
a state of partial equilibrium th^t may provide a 
good approximation to tb" state of a transient 
system if relaxation time* for equilibration of 
temperature and pressure ire short and 
relaxation times for equilibration of 
composition are long compared to the time 
characterizing the transient nature of the 
system. When E *s. 2-28 and 2^29 are satisfied, 
Eqs. 2-19, 2-23, and 2-24 can be written 

dE « TdS - pdV 

dH * TdS + Vdp 

(2-31) 

dF « - SdT - pdV 
dG » - SdT + Vdp 

Eqs. 2-31 are identical with Eqs. 2-26 for a pure 
single phase. We conclude that the equations for 
an infinitesimal process in a mixture— which 
maintains thermal and mechanical equilibrium 
during the ptocees and also is constrained to 
constant composition-are Identical with those 
for a single pure phase. 

When Eqs. 2-29 and 2-30 are satisfied, the 
system is in a state of complete equilibrium. It 
may provide a good approximation to the state 
of a transient system if relaxation times for 
equilibration of temperature, pressure, and 
composition are all short compared to the time 
characterizing the transient nature of the 
system. When Eqs. 2-29 and 2-30 are satisfied, 
Eq. 2-19 and the third of Eqs. 2-23 can be 
combined to give 


dE = TdS 


- pdV + JtTMEXEl Sft.on * 

/ * k i l * 1 


r of Eq. 2*27, this expression reduces* to 
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dE = TdS - pdV v 2-32) 

Similarly, Eqs. 2-23 and 2*24 result in the 
expression 

dH = TdS + Vdp 


dF - - SdT - pdV 
dG = - SdT + Vdp 


(2-33) 


Eqs, 2-32 and 2-33 are identical with Eqs. 2-26 
for a pure single phase, We conclude that the 
equations for an infinitesimal process in a 
mixture that maintains equilibrium during the 
process are identical with those for a single pure 
phase. 

Using Eqs. 2-29 and the extensive nature of 
the enthalpy and free energy functions, we can 
also write 

H s E + pV \ 


F » E - TS 


(2-34) 


G = H - TS 


for a mixture. These expressions have the same 
form as tho definitions given by Eqs. 2-20, 2-21, 
and 2-22 for a single phase. 

The energy and enthalpy are undefined to the 
extent of an arbitrary additive constant. The 
entropy is undefined to the extent of an 
additional: arbitrary additive constant. The free 
energies are thus undefined to the extent of an 
additive constant and an additive linear function 
of temperature. In practice, this lack of 
definition occasions no difficulty since one is 
always concerned with the energy or entropy 
difference between two states and these 
differences are completely defined. The lack of 
definition can be removed by defining for each 
constituent of a mixture a standard state in 
which energy and entropy are arbitrarily 
assigned the value zero. It is not necessary that 
the standard state be physically accessible, 
provided a process can be defined that will 
produce the state of interest from the standard 
state and for which the change in energy and 
entropy can be calculated. 

Npw suppose that the entropy and volume are 
known as functions of the independent variables 
pressure, temperature, and the mole numbers n () 
i.e., that the functions represented by, 


s = s(p, T; n Jt ".n g ) 
v «■ i/(p, T; n v -n) 


me known. The the sake of definiteness, we 
employ the specific entropy and specific 
volume. If (1) the system is a single pure phase, 
if (2) the system is a mixture constrained tq 
constant composition, or if (3) the composition 
of the system satisfies the equilibrium and 
stoichiometric conditions at all values of p and 
T; we may regard the entropy and volume as 
implicitly prescribed functions of p and T only, 


s - s Op, t) 

v = v(p, T) 


(2-35) 


If a standard state has been defined, the third of 
Eqs. 2-33 end the information summarized by 
Eqs. 2-35 suffice to evaluate the Gibbs free 
energy as a function of pressure and 
temperature. Therefore, the function 


g = g(P, T) 

may be regarded as known, where g is the 
specific Gibbs free energy. The other 
thermodynamic properties are then also known. 
In particular, the specifit energy can be regarded 
a known function, of pressure and, temperature 
as expressed by 


e(p, T) = g(p } T) + Ts(p, T) - pv(p,T) (2-36) 

Similarly, it may be supposed that the entropy 
and pressure are known as functions of the 
independent variables volume, temperature, and 
the mole numbers n,, 

s - $(y, T.; n x , — n ? ) 


JP" 77 

Under th-sse circumstances, we may regard the 
entropy and pressure as implicitly prescribed 
functions of v and T only, i.e., 

« * «(v, T) 


(2-37) 


P = P(v, T) ) 

If a standard state has been defined, the second 
of Eqs. 2-33 and the information summarized by 
Eqs. 2-37 suffice tp determine the specific 
Helmholtz free energy as a function of volume 
and temperature 


f = m T) 
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The other thermodynamic properties are then 
also known. In particular, the specific energy 
can be regarded a known function of volume 
and temperature, as expressed by 

e(u, T) = f{v, T) - Ts{u , T) (2-38) 


Either of the expressions 

V « u(p, T; n t , •••«,) 

P = P(v, T; n lt -n t ) 


(2-39) 


represent a relation between pressure, volume, 
and temperature that is called an equation of 
state, Either of the expressions 


s * s(p t T; ) 

* * s(v t T;n v ~n) 


(2-40) 


can be evaluated if an equation of state and 
certain thermal data, to be specified later, are 
knpwn. The information summarized by Eqs. 
2-4'J is sometime* called the caloric equation of 
state f although these data cannot usually be 
expressed in analytical form. 

A similar discussion results if the pairs (*,p) 
arid (s,u) are considered as independent 
variables. The energy is most naturally, from a 
purely thermodynamic standpoint, considered a 
variable of the latter pair. However, except in an 
approximation to be noted later, equation of 
state and thermal data are always presented in 
the forms summarized by Eqs. 2-39 and 2-40 so 
that the energy, regarded a function of entropy 
and volume, is determined parametrically by Eq. 
2-38 or by Eqs. 2-36 and 2-37. 

We conclude that the thermodynamic state of 
a system is uniquely determined by the values of 
two independent properties of the system (state 
variables) if the laws of thermodynamics, an 
equation of state, and the thermal data 
summarized by one of Eqs. 2-40 are 
simultaneously satisfied and if the system 
consists of a single pure phase, a mixture 
constrained to constant composition, or a 
mixture whose composition satisfies the 
stoichiometric and equilibrium conditions at all 
values of the independent state variables. The 
state of a system is uniquely specified in this 
way from purely thermodynamic considerations 
under no other circumstances. 


2-4 GENERAL THERMODYNAMIC 
IDENTITIES 

To determine the thermodynamic properties 
(such as energy, pressure, enthalpy, temperature* 
specific heat, etc.) of an actual, system, it is first 
necessary to define or to determine its 
composition. It is al«o necessary to know the 
equation of state of the gaseous mixture and the 
equation of »iav© of each phase present. Then 
the thermodynamic properties are determined 
by the general relations to be summarized in .this 
paragraph. These relations are described by 
partial derivatives of thermodynamic quantities. 
To determine the properties themselves, the 
derivatives must be integrated along some 
thermodynamic path. Examples of such 
integrated expressions are presented in 
Appendix A. 

The general thermodynamic relations are 
derived for a heterogeneous mixture. First the 
partial derivatives of volume with respect to 
temperature and pressure, .'re derived ?nd then 
the derivatives of pressure with respect to 
volume and temperature are derived. Then 
specific heats, and derivatives of entropy, 
energy, enthalpy, and chemical potential are 
considered. Finally the adiabatic exponent and 
the sound speeds are derived. 

The equation of state of a heterogeneous 
mixture is constructed from the ip-u-T relations 
for each of the constituent phases, making, use 
of the fact that the volume of a mixture is the 
sum of the volumes of its constituent phases. We 
will let v denote the specific volume of a 
mixture, Vj the molar volume of the j-th 
condensed component, and r the volume of the 
gas phase for unit weight of mixture. For a 
homogeneous system consisting of a gas phase 
only, v * r. In. general, we consider 

v = r + S n'y, (2-41) 

s(nca we have restricted our discussion to 
mi ctures in which a^y condensed phase cpnsists 
of' a pure component. 

The equation of state of a pure condensed 
phase is an expression giving 

Y, = Vj IP. T) (2-42) 

The dependence of the molar volume of a pure 
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Eqs. 2-52 are obtained by differentiation of Eq. 
2-41. Then . the fixed composition partial 
derivatives of the pressure with respect to 
temperature and mixture volume can be 
obtainectfrom identities. 



DDa. iw a.eimi)o» mcm nor fn. wolna ta. iha 

equilibrium partial derivatives. From Eq. 2-41, 
we obtain 



Then the equilibrium partial derivatives of 
pressure with respect to temperature and 
mixture volume can be obtained from the 
identities of Eqs. 2-51, written for the 
equilibrium derivatives by the elimination of the 
subscript n. 

A secondary thermodynamic property is the 
heat capacity. If a system is heated from 
temperature T to T + the heat absorbed Sq 
by unit weight of the system is evidently 
proportional to clT 

&q = cdT 

where c is the heat capacity pep, unit weight. If 
the changes taking place in the heating process 
are reversible, we may employ Eqs. 2-16, 2-17, 
and the second of Eqs. 2-29 to write 

8q *» £ bq ' « Tds ~ cdT 

k 

where s is tire specific entropy. If the volume is 
held constant during the heating process, the 


quantity c is called the specific heat capacity at 
constant volume and denoted by c v . If the 
pressure is held constant during the heating 
process, the constant c is called the specific heat 
at constant pressure and denoted by c p . 


J3s\ 



(2-55) 


If in addition to pressure or volume the 
composition is assumed to remain fixed during 
the heating process, the heat capacities are called 
the heat capacities for constant composition, or 
more shortly, the “frozen “heat capacities. They 
, where 


V £-56) 


for specific energy e and 
h (from Eqs. 2-26) can be 



The expressions 
specific enthalpy 
written 

de * cdT - 


pdu , dh ~ cdT + vdp 


valid either for a change between equilibrium 
states or for a change at constant composition. 
It follows that alternate definitions for the, heat 
capacities are given by the expressions 



To evaluate the frozen heat capacity at 
constant volume for a heterogeneous system, we 
introduce the abbreviation 



(2-58) 


and employ the identity 



(2-59) 
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Expressions for the quantities c Jn and 
(de/dr)^ are given in Appendix 'A, and 
expressions for the derivatives of the mixture 
volume are given by Eqs. 2-52. 

To calculate the equilibrium heat capacity at 
constant volume for a heterogeneous-system* we 
employ the quantity c T , 


\ / ' 


(b in n\ 
Zn.E. I—— ) 

' 1 1 \ *T ! r 


+ Xn 


xe;\ 

i 1 


(2-60) 


where we have introduced the abbreviation 

(be^ 


E < = \d n, 


(2-bl) 


and where Ej is the molar energy of the j-th 
condensed component. The quantity E { is not a 
pcrtisl mo!«r quantity. An. expression for E t is 
given in Appendix A. Then c v can be obtained 
from the identity of Eq. 2-59, written for the 
equilibrium derivatives by the elimination of the 
subscript n . 

An expression connecting the frozen and 
equilibrium hoat capacities at constant pressure 
can be written in the form 


_ /a in n\ 


dn l 

+ m 1 , (~ 
/• 1 \a t 


(2-62) 


where is the partial molar enthalpy of the i-th 
gaseous constituent 

(2-63) 




and where Ft } is the molar enthalpy of the j-th 
condensed component. Expressions for *he c n 
and R ( are given in Appendix A. 

We shall have occasion to employ the fixed 
composition partial derivatives of several 
thermodynamic functions with respect to 
temperature and pressure or with respect to 
temperature and volume. They can all easily be 
obtained from the definitions of the functions 


and the thermodynamics laws by application of 
the rules for partial differentiation. For purposes 
of reference, we list certain of these relations 
without derivation. The derivatives of entropy 
with respect to pressure and volume at constant 
temperature are 



The derivatives of energy and enthalpy with 
respect to volume and pressure, respectively, at 
constant temperature are 



Eqs. .2-64 and 2-65 complement Eqs. 2-56 and 
2-57. The partial . derivatives of the, chemical 
potential of the i-th gaseous constituent can be 
.written 

= V, 

T,n 




- Pt 



Similar relations apply to the chemical potential 
of a pure condensed phase, 



d 


- tfj/T* 


(2-67) 
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Derivations of these relations cm be found in 
thermodynamics textbooks. 

A relation between the fixed composition heat 
capacity at constant pressure and that at 
constant volume can be obtained in either of the 
equivalent forms 



( 2 - 68 ) 


the first of which is convenient for the 
independent variables v and T, arid the second of 
which is convenient for the independent 
variables p and T. It can be shown that an 
expression of the same form connects the 
equilibrium heat capacities 




where the equilibrium derivatives of pressure or 
volume are employed in evaluating the 
rightrhand side of the equations. 

The ratio of the heat capacity 7 at constant 
prevure to that at constant volume can be 
defined for either the frozemheat capacities or 
for the equilibrium heat capacities. We define 
the quantities y - Cp le | 


(2-70) 


The adiabatic exponent K is defined by 

L ($E\ 

P W 


(2-72) 


This exponent it used to describe the.adiabatic 
expansion of gas^.s. For detonation products k 
has a value of approximately 3, and for perfect 
gases K-y. 

By use of the thermodynamic identity 




Eq. 2-72 can be written 

/v 

- T 


(2-73) 


An adiabatic exponent for fixed composition k„ 


_ (*ES , _ M 

p W,,„. y " \pj w 


If Eqs. 2-73 and 2-74 are combined with Eqs, 
2-71, we obtain the useful expressions 



K 


v_ fdp\ vT /dp \ 2 

p W T + p% W, 


(2-76) 


7 » C fC 
•n p.n' v/t 

Using Eqs. 2-68 and 2-69, 
following useful relations: 



» 

we obtain the 

1 x _ p /a 

w\ _ pT /: 

3iA. 2 

1 

I 

k v \a 

'PJt vc p V 



The sound velocity c is defined by 



(2-76) 


where p * 1 /u is the density of the mixture. A 
fixed composition or frozen sound velocity 
can. be similarly defined by 


2-14 


These quantities are related to derivatives of the 
equation of state by 
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the chemical equilibrium conditions, Eqs. 2-30. 
Because Eqs. 2-i0 are linear in the mole 
numbers, while Eqs. 2-30 are linear in the 
logarithms of the mole numbers, an iterative 
procedure must be 'employed to determine the 
equilibrium mixture. A general method to solve 
these algebraic equations is formulated in 
Appendix B. This method can be employed as 
the basis for a computer program of very broad 
application, but it is not well adapted for hand 
calculations. In Appendix C, there is presented a 
simplified method of computation for systems 
containing compounds of carbon, hydrogen, 
oxygen, and nitrogen in which, with the 
chemical nature of the system specified, it is 
possible to achieve a partial separation of the 
variables and thus to simplify markedly the 
computational process. 

2*5 APPROXIMATIONS FOR THE 
THERMODYNAMIC PROPERTIES ON 
AN jSENTROPE 

It is possible to perform an exact calculation 
of all of the properties of the system, provided 
that the equations of state exist for the various 
phases comprising the system. This calculation, 
however, involves a large number of successive 
numerical steps, and the. dependence of a 
property such as the energy on the independent 
state variables such as, entropy arid volume, i.e., 
the function e(v,s) is obtained implicitly and not 
analytically. For some theoretical investigations, 
there is a need for approximate analytical 
expressions of such functions. 

For an ideal gas of constant composition, the 
adiabatic exponent defined by Eq. 2-74 is equal 
to the ratio of the heat capacity at constant 
pressure to that at constant volume, K * 7 . The 
then: properties nf an ideal gas are frequently 

represented with sufficient accuracy by the 
assumption Liat 7 is a constant. Such a gas is 
called an ideal polytropic gas. The 
thermodynamic properties of such gases can be 
expressed in relatively simple form and the 
approximation has been extensively employed in 
the development of the hydrodynamics of 
compressible fluids such as air for which at 
moderate temperatures and pressures the 
poly tropic assumption is a good approximation. 

For the products of condensed explosives, it 
has been experimentally found that the 


adiabatic exponent 7 is, to a good 
approximation, independent of the density and 
a function of entropy only for a considerable 
range of pressure. It seems proper to designate as 
a nonideal poly tropic gas any gas for which k is 
constant on an isentrope. 

If the adiabatic exponent is a function of 
entropy only, Eq. 2-72 can be integrated along a 
path of constant entropy with the result 

p = 4<r‘=V <' 2 - 85 > 

where p = 1/u is the density and A = A(jj is a 
function of entropy only. Eq. 2-85 can also be 
expressed in the form 


p(u,S') = p V/u) = p'(p/p') ( 2 - 86 ) 


where p' = p(v\s') and X * k(s'). From Eq. 2-32, 
( de/dv) s = - p. Using Eq. 2-85 and integrating 
along a path of constant entropy, we obtain 


. A - « +1 . ^ 

t U T o 

K - 1 


py 

K~ 1 


where B = B(s) is a function of entiropy only, 
Eq. 2-87 car: -also be expressed in the form 


e - e’ + — — ( pu - pV) 

K - 1 

where e' * e(v\s). The enthalpy h 
given by 

h = (^l) pv + B 

% 

- h! + (pu “ P 1 ^) 


\£ 8 S) 
e + pv is 


(2-89) 


where h ' - hip’s'). By using Eq. 2-76, the sound 
velocity c can be introduced into Eqs. 2-87 and 
2-89 with the result 
c 2 - Kpv - k(k - l)(e - B) 

- (k - l)(h - B) 


2-6 HYDRODYNAMICS OF REACTING 
CONTINUA 



The fundamental differential equations of 
motion for a reacting fluid are derived in this 
paragraph. For one-dimensional problems they 
are simplified to the usual Euleiian and 
Lagrangian equations. In par. 2-7 the method of 
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characteristics is applied to the one-dimensional 
problem. The treatment of shock waves as 
discontinuities is given in par. 2-8. 

In the macroscopic description of a physical 
system, the information concerning the state at 
one instant of time may be considered adequate 
if one can obtain from it a re^onable 
description- of the state at some later time. It is 
assumed that the process can be performed in 
series (making each estimate from the previous 
estimate) over subintervals of the desired time 
interval with the final, result insensitive to the 
length of the subinterval. One expects the 
procedure to fail fo; information of a given type 
if the subintervals become much smaller than a 
critical time interval, characteristic of the system 
and of the type of information, which can be 
called the “time resolution”. This paragraph is 
confined to the consideration of systems and of 
time resolutions for which adequate information 
consiyV of a knowledge of the spatial 
distribution of the following densities: 

(x) The concentrations pn { expressed in moles 
per uni* volume of each of the chemical 
constituents of the system, where p is the mass 
density . 

(2) The momentum density m * pu, where if is 
the (vector) particle velocity 

(3) The total energy density p(e + u*-/2), 
where e is the specific energy as measured by an 
observer moving with the fluid and u 2 /2, u 2 * 
\n, is the specific kinetic energy of mass 
motion as measured by a fixed observer. 

We simplify the system at the outset by 
making several assumptions: 

(1) The velocity of each individual species is 
that of the mixture; therefore the diffusion of 
gaseous species is neglected and any condensed 
species is completely entrained in the flow. 

(2) Heat conduction is neglected. 

(3) The fluid is inviscid; hence no energy is 
dissipated by mechtmical processes except across 
shock discontinuities. 

(4) The only force acting on the fluid is the 
hydrostatic pressure (gravity and other body 
forces are neglected). 

These four assumptions produce a valid model 
for the flows with which we are principally 
concerned, where, the bulk velocity of the fluid 
is large compared to relative velocities of heat 
and diffusion. The model without heat 
conduction or diffusion is not ^n accurate one 


for the flow associated with ordinary flame 
propagation. For derivations of the flow 
equations in which these simplifying 
assumptions are not made, reference is made to 
a review by Richardson and Brinkley 8 . 

The next step is the derivation of the rate of 
change of any property of the fluid. Consider 
any vector or scalar property of position and 
time, G(r\t) t where T is the position vector and V 
is a movile volume whose surface a moves with 
velocity it. Now, the total rate of change is 
separated into a partial derivative with respect to 
time and a convective term (for this derivation, 
see Band! , for example). 

4 f GdV= f ^j-dV + C Gu ■ da (2-91) 
*/y J V •'d 

where da * n da, n is ar. outward pointing 
normal to the surface, da is a differential surface 
area and Git is interpreted as a dyadic if G is a 
vector (see Gibbs 10 for an intiqduction to 
dyadics). The left hand term expresses the time 
rate of the quantity G averaged over the volume 
V. It is equal to the sum of the: contributions of 
each stationary volume element dV and the 
changes associated with the movement of the 
surface. If the velocity vector u is defined 
everywhere in the volume, the surface integral 
may be transformed with the aid of the Gauss 
integral theorem and we obtain the general 
kinematical relation, 

j GdV = /*|y + V- («G)jdV (2-92) 

Consider an arbitrary mobile volume V whose 
surface moves with the particle velocity u. In the 
absence of diffusion, the time rate of change of 
the species i in V can be written 

/P n , dV = / R , dV (2-93) 

V J v 

where it, is the reaction rate. Using Eq. 2-92, we 
have 

J [it + v ' ( “ pn,) ' 4J dV ’ = 0 (2 ' 94) 

Since the surface of the volume moves with 
velocity u", the total mass in V is conserved 
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(2-95) 


Considering again the mobile volume V 
previously defined, one can obtain the equation 
for momentum transport by a straightforward 
application of Newton’s second law of motion. 
According to this law, the total force acting on 
the mass of fluid in V is wjual to the rate of 
change of linear momentum of the fluid in V. 
For an inviscid fluid in the absence of body 
forces, we have 


-fpda’-^fpltdV 


since the force normal to v the area da is -pn. 
Using Eq. 2-92 with G * pit, we have 


i L u 


0 ( 


+ v • (upu j + VP dv = 0 (2-97) 


~ jfp(<? + u * t u ) = Jp • da 


Again using Eq. 2-92 and Gauss’ theorem to 
transform the surface integral, we obtain 


m 


dp 

i 

3(pu) . , 


(up) - o mass conservation 


momentum 

conservation 


■ [p(e + u 2 I2)} 


( 2 - 100 ) 


3(P« ( ) 


+ V . ?p(e + u 3 12) ■ - y. (up) 

energy conservation 

• + V • { u pn .) " K. 


The equation of mass conservation is used to 
simplify the other three equations, and the 
energy equation is further simplified by using 
the momentum, equation. After some 
manipulation, Eqs. 2-100 become 


+ V • (up) 


■ Vu 


(2-96) 


dp 
dt 

d it -r 

— + U 

dt 
de 

- + u . Ve 

*•< -+ 

■ + u 


1 

= - “VP 
P 


p 


( 2 - 101 ) 


at ’ “ ' vn ‘ = R > lp 

A more familiar form of these equations of 
hydrodynamics i? obtained by introducing a 
total time derivative by the definition 


where the integral of the pressure over the 
surface is transformed to a volume integral by 
the use of Gauss’ theorem. The time rate of 
change of the total energy is equal to the rate at 
which work is performed on the material in V if 
the conduction of heat is neglected. Thus, 


~ + * • V 


(2-102) 


dt ~ dt 

by means of which the rates of change are 
measured by an observer moving with the fluid. 
Then Eqs. 2-101 become 

dp 


dt 


+ PV * u 


conservation 


098) 


+ Jl Vj} - q momentum 
dt p VP conservation 


} (2-103) 


~[p(e + u/2) + v - u (e + u* 12) J 
v ) (2-99) 

+ V • 6fp)].f dV =? 0 


de p_ dp 
dt p~ dt 


0 energy 
conservation 


dn 


The volume V of Eqs. 2-94, 2-97, 2-99, and 
2-93, is arbitrary. Therefore, the integrands of 
each expression must equal zero, giving 


and the last equation can be taken as a 
definition of the quantity R ( . Rates R ( of 
production of the constituents of the mixture 
are not all independent but most obey the 
stoichiometric conditions of par. 2-2. Thus, only 
s - c of the quantities R t may be regarded as 
independent. 

The further development of the theory of 
irreversible processes of .nonuniform systems 
that are not in equilibrium is based on two 
assumptions: (1) temperature T arid chemical 
potentials p f can be defined as functions of the 
fundamental densities pn r pu, and p(e + u 2 /2); 
(2) T and p ( can, to a good approximation, be 
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it garded as point functions of the fundamental 
densities. To simplify the development, we shall 
assume initally that all infinitesimal processes, 
including chemical ,ones, in a given volume 
element are reversible. (Later, we shall explore 
the analysts without this assumption.) With, this 
assumption of reversibility we can regard a given 
volume element as being in equilibrium. The 
assumption of local reversibility makes it 
possible to employ the thermodynamic relations 
between the various state variables in a 
nonuniform system. 

Eq. 2-19 for a general change in the energy can 
be written 


de 

dt 




(For simplicity, we assume that the system is a 
gas mixture. Our conclusions are unchanged if 
condensed phases are present, although the 
assumptions of this paragraph require that such 
phases be completely entrained in thetflow.) The 
reaction rites must satisfy the stoichiometric 
conditions, Eqi. 2-27, and therefore 


S/yV- 0 (;-l f 2 ,».c) (2*105) 


Now, if chemical changes in t he system are 
reversible, the equilibrium conditions, Eqs. 2*30, 
axe satisfied, and Eq. 2*104 can be written 



+ 


R T 
P 


S \j£0,jR f (2-106) 


Therefore, if all of the changes, including 
chemical ones, are reversible, 


de /ds\ t pi /do\ 

dt \dt) T p? I dt) 


(2407) 


Combining this equation with the energy 
transport equation 2403, it follows that 


=. » o (2408) 

dt 

Eq. 2408 states that the entropy contained in 
an element of fluid does not change as the 
element moves if diffusion and heat conduction 
are negt »d, if the dissipative effects of 
viscosity c negiected, and if all changes in state 
of the element are reversible. 

If the processes represented by Eq. 2*104 are 
not reversible, the assumption of local 
equilibrium i) no longer possible. In considering 


a single element of volume one must now 
employ a quasi-thermodynamics, the 
justification of which is beyond the scope of this 
paragraph. However, the results are that one can 
define a specific entropy s such that for a fixed 
volume element 

Td(px) * d{pc) - 2p { d(pn t ) (2409) 

in which T and p, are calculated as though the 
element were in thermodynamic equilibrium. 
This expression can be transformed to 

Tds - de - (~j dp - Xji, dn, <2-110) 

where p * * - e + 2 p { dn f ) 

the quantity p' 1? evidently the 
thermodynamically defined r*«^*sure. In general, 
it differs from the dynamici defined quantity 
of this paragraph because of the irreversible 
chemical reacitons. It is usually a good 
approximation to assume that the 
thermodynamic and dynar . pressures are 
identical. Then the equation for entropy 
transport becomes 



If chemical reactions are irreversible, the 
entropy contained in an element of fluid 
changes in accord with Eq. 2-111 as a 
consequence of the entropy increase during an 
irreversible process. 

A steady flow is defined as one in which all of 
the partial derivatives yvith respect to time are 
zero. A flow is called subsonic, sonic, or 
supersonic at a point as u » I if I is less than, 
equal to, or greater than the velocity of sound c 
at that point in the particular coordinate system 
being used, 

Eqs, 2403 are to be solved subject to initial 
and boundary conditions and to a specification 
of the state of the fluid, i.e., a knowledge of the 
function 

« w «(/?. P 1 •»*) 

If all of the processes occurring are reversible, so 
that the energy transport equation can be 
replaced by the entropy transport equation as 
expressed by 2408, then the state of the 
system is suffice htiy specified if the function 

P - PiP . s) 
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is known. Under these circumstances, «Eqs 2-103 
can also be expressed in the form 


Ml) 


+ p7 • if = 0 


VP “ 0 



( 2 - 112 ) 

1 


which involves derivatives of only the pressure 
and particle velocity. 

Eqs. 2-103, and their alternative forms are 
called the Eulerian equations of 
hydrodynamics. When supplemented— as 
previously mentioned by initial and boundary 
conditions and by ah equation of state, they can 
in principle be solved to determine p, p, and? 
regarded as functions of position and time. The 
initial conditions consist of a knowledge of these 
quantities as functions of position at some time 
which is taken as the initial instant Boundary 
conditions are of two types, kinematical 
(velocity and displacement conditions) and 
physical (pressure). A kinematical condition is 
the requirement that the components of velocity 
normal to an interface be equal on both sides of 
the interface. A physical condition that must bfe 
satisfied by an inviscid fluid in contact with a 
rigid boundary is that the pressure shall be 
normal to the boundary. In the case of two 
inviscid fluid* presenting a surface of separation, 
the physical condition to be satisfied is that the 
pressure shall be continuous at the boundary in 
passing from one side to the other. The surface 
separating two fluids or the same fluid at 
different densities is called a contact surface. 

The equations of hydrodynamics comprise a 
system of partial differential equations of the 
first order that are quasi-Unear, i.e., tire partial 
derivatives appear linearly. Formal solutions of 
these equations can be obtained only in special 


cases. 

As an example, the Eulerian equations of 
hydrodynamics for nondissipative (ds/dt * 0) 
flow can be written for motion in one dimension 
in the form tfp 

It 




where u is the particle velocity in the 
x-direction. The Eulerian equations for 
one-dimensional radial flow with spherical 
synuhetry can be written 



where u is now the particle velocity in the 
direction of the radial coordinate r. 

There is another mode of expression of the 
fundamental equations called the Lagrangiah 
form, the label coordinates of a point may 
consist of its position coordinates or Eulerian 
coordinates at the initial instant of time. Thus a 
partial derivative with respect to time at 
constant values of the label coordinates has the 
same meaning as the operator d/dt in Eulerian 
coordinates, and 


where ? is the position vector of a point at time 
t. The Lagrangian representation is especially 
useful for problems in which interfr.es and 
boundaries must be preserved and in which high 
precision in the conservation of mass and 
momentum i* desired. Lagrangian is generally 
superior to Eulerian for one-dimensional 
problems but not necessarily for two- or 
three-dimensional problems. 

As an example of the Lagrange representation, 
we may consider the case of plane flow in one 
dimension and let the label coordinate of a 
particle x to be \he value of its position 
(Eulerian) Coordinate x at t * 0. The particle 
velocity is given by 

u (dx/3 t) Xo (2-115) 

The form taken by the equation of continuity in 
Lagrangian coordinates is most easily deduced 
for the particular initial circumstances of the 
fluid. Suppose that the fluid is initially uniform 
with constant density p Q . The conservation of 
mass can be expressed by 

Vo = J p ( x ' (2-116) 

X(Q, t) 
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where x (x o ,t) is the Euierian coordinate at time 
t of the point whose Euierian coordinate at t * 0 
was x q , and x(q;t) is the Euierian coordinate of 
the point that was on a plane through the origin 
at t * 0. Differentiating this expression with 
respect to x o at constant t, we obtain the 
Lagrangian equation of continuity for plane 
flow of ah initially uniform fluid in the form 


The Lagrangian equation of motion for the same 
fluid in plane flow can be obtained from the 
second of Eqs. 2-113 by the use of Eqs, 2-115 
and 2-11 7. We obtain 


i. M = 

p Vdar / 


For hondissipative flow, the entropy transport 
equation has the form 


o -/ (clp)dp 
(30/ap), = c/p 


where the integral is along a path of constant 
entropy and where c is the sound velocity, 
defined by Eq. 2-76. The quantity a is 
undefined to the extent of an additive constant 
which can be arbitrarily assigned for 
convenience of calculation by the assignment of 
a lower limit of integration. Then Eqs. 2-113 
and 2-108 can be written 


do /do\ /du\ 

dt \3x/ * \dx' 

du /du\ (do\ 

dt W \dx) 

ds (d$ \ 

+ w(H * 0 

df \ox / 


Addition and subtraction of the first twq of 
these equations yields the new set 


The Lagrangian form envisages the possibility 
of obtaining a description of the properties of 
the' flow* including the Euierian coordinates, as 
functions of the time and the label coordinates. 

2-7 UNIFORMLY ISENTROPIC FLOW IN 
ONE DIMENSION 

We will consider ah application of the 
fundamental equation to a flow for which a 
formal solution is possible. The flow is 
considered to be in one direction—e.g., the 
x-directibn—which means that the properties of 
the flow are functions of the x-coordinate only 
and independent of the y- and z- coordinates in 
a rectangular coordinate system. Whenever there 
is a portion of the x-f plane in which all the 
material is bn th^ same isentrope— i.e., when the 
material is uniformly isen tropic or 
homentropic— it is possible to transform the 
fundamental equations of par. 2-6 to another 
form that is due to Riemann. 

For nondissipative flow as described by the 
entropy transport equation in the form of Eq. 
2*108, the pressure and the sound velocity vary 
within the flow as functions of the density only. 
It is * hen convenient to introduce the quantity 


[i + ( U + c) ±] ( ff + 

+ (U- c) £](a- 


which is due to Riemann. The form of Eqs. 
2-122 suggests the definition of three 
characteristic directionsHabeled C + , C_, and 
C — by the definitions 


A characteristic curve in the x,t plane is defined 
as one that is tangent at every point to a 
characteristic direction. Thus, Eqs. 2-123 are the 
equations for the characteristic curves. The 
characteristics C are evidently the particle 
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paths in the x-t plane. With these definitions, 
Eqs. 2-122 can be interpreted as stating that on 
characteristic curves C + 

r * j + u * constant (2-124) 

on characteristic curves C_ 

s * q - u * constant (2-125) 


while on the particle paths C o ,. the entropy is 
constant. The entropy ^ansport equation states 
that if -the entropy is initially constant, it will 
remain constant for flow without discontinuities 
in the x-t plane. 

The quantities 7 and 7 are called the Riemann 
invariants. If they are known at a given point, 
then u and a are known there, i.e., 


a * (r + 8)f2 
u * (r - s)/2 


j (2-126) 


From these, the density jan be obtained from 
Eq. 2*120 and the pressure from the equation of 
state. For materials with a constant adiabatic 
exponent, as described in par. 1*6 


a * 2c/(#c - 1) 

An especially simple case occurs for k * 3, since 
then or * c, 7 * c + u, andT* c - n. The first two 
of Eqs. 2-123 become 



C : 


dx 

dt 


(K » 3) 

8 


(2-127) 


Since T is constant along curves and I is 
constant along lines C_, Eqs, 2-127 can be 
integrated to give 

: x * rt + constant 


C : x *= ~ st + constant 

so that the characteristic curves of each kind are 
straight lines for k s 3. This case is of practical 
interest because the explosion products for 
condensed explosives have an adiabatic 
exponent that is near the value 3 and, 
consequently, flows for wnich K * 3 present the 
qualitative feature of tha flows of such gases. 

In general, the characteristic curves have the 
following useful properties; 


(1) There is a curve of each type through every 
point on the x-t plane. 

(2) If curves of a given type having different 
values of the invariant associated with that type 
intersect at a point, the flow cannot remain 
continuous because different values of the 
dependent variables would be obtained if one 
characteristic or the other were used in 
computation. Thus, there will be a discontinuity 
in u, etc. at that point. 

(3) If, in a given region, 7 has the same value 
along adjacent curves, the C + curves are 
straight lines in that region. For T is constant 
along a C + curve which will cross the Q. curves 
and if T is also constant along the C + curyes, 
both u and a, therefore u and c, and therefore 
the slope of the C+ curves must be constant. 

(4) Similarly, if 7 has the same value along 
adjacent C + curves in a given region, the C_ 
curves are straight lines in that region. 

(5) A weak discontinuity (hot a shock), i.e., a 
discontinuity in a derivative of a function 
without a change in the function itself, is 
propagated into the flow from a boundary along 
a characteristic curve. 

If both the density and the particle velocity 
are known along a line in the x-t plane, then 7 
and t and the two characteristic directions can 
be calculated for each point along the line. Such 
a line may be the x-azis, in which case the 
information on the line describes the initial' state 
of the fluid. Information may also be given as to 
one or more properties of the flow along 
additional paths in the x-t plane. For example, 
the path of a piston msy be. prescribed along 
which the velocity u ic known. Similarly, the 
path of a shock wave may be given along which, 
as we shall see, the density and particle velocity 
are known. It is necessary to consider briefly the 
amount of initial and boundary information that 
is required, from which the propagation 
equations—Eqs. 2*124, 2-125, and 

2-126~uniquely determine the flow, If a point 
following u given curve in the x-t plane moves 
supersonically with respect to the local flow, 

\dx/dt-u\>c 

then the curve is called spacelike; if such a point 
moves subsonically with respect to the local 
flow* i.e., 

i dx/dt - u| < <? 

then it is called timelike, and if such a point 
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moves sonically with respect to the local flow, 
i.e., 

Idx/dt ~ u \ = c 

then the curve is a characteristic. In general, the 
characteristic curves are not perpendicular to the 
direction of flow. There is, therefore, a 
downstream direction on the characteristic 
curves of each type. If an initial value curve is 
spacelike, it lies outside the region between the 
directions of the two characteristic curves; if it is 
timelike, it lies inside the region between the 
directions ot the characteristic curves. If an 
initial value curve coincides with a characteristic, 
a point moving along the curve moves with 
respect to the local flow with the velocity of 


The x-axis is spacelike. The path of a piston 
moving subsonically with *c*pect to the local 
flow is timelike. 

If the values of the dependent variables u and 
a (or T and 7} are changed at a particular point, 
this change can only affect the properties of the 
flow in a region of influence of that point, 
which is the angular region between the 
characteristics through the point. The region cf 
influence of a point P is sketched in Fig. .2-2. 
Now, consider the arc AB of a spacelike im **4 


value curve, as shown in Fig. 2-3. It is evident 
that points in the x-t plane lying outside of the 
region enclosed by the C + characteristic through 
A, the C. characteristic through B and the arc 
AB are unaffected by the values of the 
dependent variables on the arc AB. The region 
thus enclosed is called the domain of 
dependence of the spacelike arc AB since this 
region contains all of the flow determined by 
the given initial values on AB, including the end 
points, then the flow is unique and continuous 
in the domain of dependence, including it* 
boundaries. If the arc AB is on a timelike curve, 
a second intersecting curve-which may be either 
another timelike curve or a characteristic 
cur ve-4s required, as shown in Fig. 2-4, to 
obtain a downstream domain of dependence. It 
can be shown that only one dependent variable 
must be specified on each such timelike or 
characteristic curve (both being known at th v 
intersection) to obtain a unique flow in the 
domain of independence. 

In certain flows, the invariant s is constant 
over a certain region. The C + characteristic 
curves are then straight lines, as has already been 
mentioned. Flows of this type are called 
progressive simple waves. As an example of this 
type of flow, consider the case of an infinite 



x 


Figure 2-2. Region of Influence of a Point P 



2-23 


AMCP 700-180 


tube closed at one end by a piston initially at 
rest. At the initial instant of time, the material 
in the cylinder is at rest with u - a = 0 (the; 
lower jimit of integration of Eq. 2-120 is here 
taken to be p o , the density of the undisturbed 
material). Thus, on the spacelike x-axis, 7 * s = 
0; Therefore* both kir ds of characteristic curves 
originating oh the x-axis are straight lines. The 
characteristics through points on the x-axis 
cover the whole oc-t plane since the tube is 
supposed to be infinitely long. Therefore, if s ~ 
0 on the x-axis; 7 - 0, u *= a* and 7 * 2u 
everywhere, and the C + characteristics are 
straight lines eve^where, Suppose as shown in 
Fig. 2-5, that the piston begins to move in the 
negative ^-direction at the initial instant of time 
thus initiating a rarefaction wave moving down 
the tube in the positive x-direction. The particle 
velocity on the: piston path is equal to the piston 
velocity and r is known on this path. Since the 
C + characteristics are straight lines, their slope is 
constant. Since T is changing from one C + 
characteristic to another, die slopes of the C + 


characteristics increase in moving backward into 
the flow and the C, characteristics are curved. If 
the piston path is specified, an analytic solution 
of the flow equationsJs easily constructed. Now 
suppose that the acceleration of the piston 
ceases and its (backward) velocity becomes 
constant. The characteristics, of both types 
originating on this part of the piston path are 
then straight lines. The flow in thex-tplane thus 
consists of three regions; 

M} : llie initial undisturbed region of uniform 
density and zero particle velocity between the 
x-axis and the C + characteristic labeled A in Fig. 
2-5. 

(2) The simple wave generated by the 
accelerating. p ; 3ton in the region between the C+ 
characteristics labeled A and B. 

(3) The final state in the region to the left of 
the C + characteristic labeled B of uniform 
density and particle velocity accommodated to 
the piston velocity. 

It will be noticed that the front of the 
rarefaction wave propagates with the velocity of 



X 


Figure 2-3. Domain of Dependence of Arc AB of a Spacelike Initial 
Value Curve 
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sound in the undisturbed medium while the rear 
of the wave propagates with the velocity of 
sound in the final medium of reduced density 
plus the (negative) particle velocity in the final 
medium. Therefore, the rarefaction wave 
broadens as it passes down the tube, and no 
strong discontinuities occur. If the piston had 
been instantaneously accelerated to its final 
velocity, all of the C + characteristics in the wave 
region would have emerged from the point at 
which the piston motion begin. Such a wave is 
called a centered simple wave. 

Now, in contrast to the flow just discussed, 
suppose that the direction of the piston is in the 
positive ^-direction, as shown in Fig. 2-6, 
jenerating a progressive compression wave. The 
resulting flow remains a simple wave with T * 0 
everywhere and, consequentlly, with C + 
characteristics that are straight lines. In this case, 
however, the C + characteristics originating on 
the piston path do not diverge but converge, and 


they must in consequence intersect. It has been 
noted that the flow cannot remain continuous if 
two characteristics of the same type overtake 
each otLer, for different values of the flow 
variables obtain on each of the intersecting 
characteristics. The discontinuity that appears in 
a , progressive compression wave is called & shock 
wave and, in any such compression wave, shock 
waves form in the body of the fluid. The 
boundary between a region where characteristics 
of the same type intersect and one where they 
do not is an envelope of these characteristics. 
Intersecting characteristics of the same type 
being physically impossible, the shock wave 
begins at the first poirit of that envelope. If the 
piston is instantaneously accelerated to some 
final finite velocity,/the envelope begins on the 
piston path. 

It can be concluded that compression waves of 
finite amplitude cannot propagate with out the 
formation of shock waves. Each of the two 



Figure 2-4. Domain of Dependence of Arc AB of a Timolike Initial 
Value Curve and Arc BC of a Timelike or Characteristic 
Initial Value Curve 
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characteristic curves passing through a point 
corresponds to a sound wave, the one to a 
forward-moving wave and the other to a 
backward moving wave. The intersection of two 
C + characteristics corresponds physically to the 
overtaking of one forward-moving sound wave 
by a later one with higher velocity. When later 
sound waves overtake earlier ones, there is a 
steepening of wave profiles until discontinuities 
of the dependent quantities velocity, pressure, 
and density are formed. That such 
discontinuities should form in the case of 
compression waves^supported; by an accelerating 
piston is apparent in the fact that the sound 
velocity is greater in the compressed, 
adiabatically heated medium resulting from the 
piston motion than in the undisturbed medium. 

The one-dimensional unsteady flow equations 
that have been discussed in this paragraph are an 
example of a general case involving two 
simultaneous first order partial differential 
equations for which two reel characteristic 


directions can be defined and which, for that 
reason, are said to form a hyperbolic system. If 
the equations are linear, as in the example of 
this paragraph, they are said to be reducible. The 
equations for two-dimensional, steady, 
irrotational, Uniformly isentropic flow form 
such a reducible hyperbolic system. The theory 
of hyperbolic systems of equations is treated in 
detail by Courant and Friedrichs 3 . 


2-8 CONSERVATION CONDITIONS A r A 
DISCONTINUITY; THE HUGONIOT 
EQUATION 

A shock wave consists of a very thin region in 
which the properties of the undisturbed medium 
very rapidly become those of the shocked 
medium. The structure of this region is. 
determined by the viscosity of the medium, and 
is affected by the irreversible process of heat 
conduction along the very steep temperature 



Figure 2-6., Intersecting Straight Characteristics C+ During 
Compression Wove 
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gradient existing in the transition region. In the 
mathematical treatment of shock waves, it is 
usual to idealize them by supposing that the 
dependent variables change discontinuoilsly 
frorn their initial to their final states at a 
mathematical surface of zero thickness. It can be 
assumed that (1) the flow involving such a 
discontinuity is determined by the laws of 
conservation of mass, momentum, arid' energy; 
and. that (2): the irreversible nature' of the 
discontinuous pre ^ess is described by the 
condition that, the >ntropy does not decrease. 
Apart from the discontinuity, the flow cap be 
described by the differential: equations for 
continuous flow described in par. 2*6. A more 
complete discussion of shock waves is given by 
Rice, McQueen, and Walsh 11 . 

We consider a shock wave propagating in one 
dimension in the direction; of increasing values 
of the coordinate x , and we denote its velocity 
with respect to the undisturbed material by U. 
Employing the notation exemplified in Fig. 2*7, 
we fix the origin of the x-coordinate in the 
moving shock wave and denote the velocity of 
undisturbed material and shocked material with 
respect to this origin and in the direction of 
increasing x by w o and u; , respectively. If u Q 
and u x are the corresponding velocities relative 
to a fixed coordinate system, 

:w p = ~ U, w 1 = u x - u Q - U (2*128) 

The undisturbed medium is at pressure p o , 
density p o , and has specific energy e o , and the 
shocked material is at pressure p x , density p j; 
and has specific energy e J . 

In a time dt , an amount of mass ~p o w Q dt is 
brought up to a unit &cea of the moving 


discontinuity from the right and an amount of 
mass - p is removed from unit area to me 
left. When dt is made very small so that the 
layers on either side of the discontinuity are 
infinitesimal, the mass brought up on the right 
must equal that removed to !!*», left, so that 

Po w o = Pi W 1 (2-129) 

even if U is not a constant. Similarly, the change 
in momentum of a thin slice of matter of mass 
p w o per unit area must be equal to the 
rwuftant force acting on unit area, so that 

P<, w l • Pi w i = Pi - Po (2-130) 

even it U is not a constant. Finally, the work 
done on the matter in the thin slice by the 
forces acting on it must be equal to the increase 
in energy of the matter in the slice, so that 

+ w\H - e„ - ui“/2 » p„v a - (2-131) 

even if U is not a constant. For the irreversible 
process at the shock discontinuity, the second 
law of thermodynamics requires that 

s, > 3 C (2432) 

By rearrangement, Eqs. 2-129 and 2 : 130 may be 
written in the form 

^ = I 

(2-133) 

Pi - Pu = Po%(K ~ ) ) 

Eqs. 2-133 are called the m^hanicai 
conservation conditions. When they are used to 
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Figure 2-7. One-dimensional Shock Wave 
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simplify Eq. 2-131, we obtain 

e ! - « 0 - l MP t + P 0 Yy 0 - L, j) (2-134) 

Eq. 2-134 was obtained by Ranking and by 
Hugoniot, and it is. called the Rankine-Hugoniot 
equation. It contains thermodynamic quantities 
only. With thermal date and an equation of state 
of the material, the quantities »e(p v v x ) and 
c 0 * *fP 0 ,t> o ) determined, and therefore Eq. 
2-134 describes a curve in the p-f plane for given 
values of p 9 and v ot which is the locus of all 
states (p v i> 1 ) which satisfy the conservation 
conditions for a given initial undisturbed state. 
The curve is called, the Hugoniot curve and it is 
said to be centered on the point (p 6 , v o ). 

Shock waves are stable, i.e: they do not break 
up into several shocks nor become a gradually 
rising wave, if the isen tropes satisfy the 
condition 


When this condition is satisfied, the Hugoniot 
curve represents states which can be reached by 
a shock process from the initial state (p o >v o ), 
and shock wave of rarefaction do not exist. 

If the state of the fluid is known on one side 
of the shock wave, the shock velocity and state 
on the other side of the shock wave are 
completely determined by Eqs. 2-133 and 2-134 
if one additional quantity is given. The 
additional quantity may be either a state 
variable, the shock wave velocity or the particle 
velocity, except that if the particle velocity is 
given as the additional quantity, it is necessary 
to specify which is the downstream side of the 
shock wave. 



Additional properties of the shock wave can 
be deduced directly from Eqs. 2-133. Since p x > 
p o > it follows that w o >w lt i.e., that the flow is 
decelerated in passing through the shock front 
It then follows that p, > ,p o , from the. first of 
the mechanical conditions. It can also be 
shown— as, e.g., by Gourant and Friedrichs- -that 
ihe flow velocity relative to a shcek wave is 
supersonic ahead of the wave and subsonic 
behind it. Therefore, C + charactemtkis through 
a point behind a shock wave overtake the wave 
and the shock overtakes C+ characteristics ahead 
of it. Fig. 2-8 illustrates the flow in. a steady 
plane shock wave supported by a piston 
propagating into a uniform fluid at rest. 

For many applications of the shock wave 
conservation equations, the undisturbed medium 
is at rest in a stationary coordinate system. For 
this case, the mechanical conservation 

conditions can be writteruh the form 


Uj - 1/(1 - I> 0 v x ) 
Pi ~ Pa ‘ Po U l 0 


' (2-135) 


In this case, the particle velocity of the shocked 
material is seen to be directed toward the shock 
front 

The conservation, equations of this paragraph 
provide relations between the dependent 
variables on the two sides of the shock 
disconiinuity, In the regions where the flow ik 
continuous, it is described by the differential 
equations of par. 2-6. The complete flow is thus 
determined by solutions of the differential 
equations that are subject to conditions 
specified on the shock path which is to be 
regarded as a kind o* initial value curve. 
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Figure 2-8. Flow In a Steady One-dimentional Shock Supported by a 
Piston y Showing a Particle Path and C+ (Xiaracteriitics 
Through Points on the Particle Pith 
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CHAPTER 3 ENERGY OF EXPLOSIVES 


3-1 INTRODUCTION 

Explosives are substances that rapidly liberate 
their chemical energy as heat to form gaseous 
and solid decomposition products at high 
pressure and temperature. The hot and very 
dense detonation products produce shock waves 
in the surrounding medium and upon expansion 
impart kinetic energy to the surrounding 
medium. The energy released in the detonation 
process and the energy available after some 
degree of expansion respectively measure the 
ability of the explosive to generate shocks and 
to impart motion to the environment. 
Consequently the energy of an explosive is a 
measure of its performance. Moreover the heat 
release in the detonation is an important 
quantity, as will be shown, in the 
thermo-hydrodynamic Chapm an- Jouguet (C-J) 
theory of detonation (see Chapter 6 for a 
discussion of the C-J theory). 

3-2 HEAT OF DETONATION 

In principle, Q, the heat released in a 
detonation, is obtained for some standard state 
by Hess’ law according to 

l n m 

<3 - E ", (Wf), - AH° f )i (3-1) 

where n, is the number of moles the i-th species 
of detonation products whose standard heat of 
formation is (AJ/° and m y is the number of 
moles of unreacted explosive of the j-th species 
whose standard heat of formation is 
the Lewis and Randall convention is used, the 
right hand side of Eq. 3-1 wvuld be negative for 
an exothermic reaction. However, it is 
customary to have Q positive for exothermic 
reactions. Thus Q 85 - A H nacilon where 
AH r*ac ttaK-is the right hand side of Eq. 3-1. In 
practice it turns out that the compositions of 
the detonation products in the C-J state, or at 
different degrees of expansion, are unknown. 
Since chemical equilibria can be influenced by 
the total pressure of the system, the product 
composition and consequently Q can change as 
the products expand and the total pressure 
decreases, Expansion also results in cooling and 


consequent product composition change. Below 
some temperature, chemical reaction rates 
become so slow that further temperature and 
pressure decrease (expansion) produces virtually 
no further change in composition, i.e., the 
composition is “frozen”. Thus any calorimetric 
measurement of the heat of detonation A H d} 
may not be the Q for the C-J state, but the heat 
of reaction for some expanded “frozen” 
equilibrium composition. Measured heats of 
reaction will vary depending on how 
the calorimeter measurements arc made, i.e., on 
how much the products are allowed to expand 
before the composition is frozen. This is 
probably the main reason why many conflicting 
values of A H d have been reported. Further 
confusion arises from the fact that sometimes 
calorimetric heats of detonation are “corrected” 
for the heat of vaporization of water (one of the 
major detonation products in secondary 
explosives). In a calorimeter measurement water 
is in its liquid state, but under detonation 
conditions it is in the gaseous state. Thus to 
obtain Q from calorimeter measurements a heat 
of vaporization correction should be made, but 
unfortunately it is not always possible to 
estimate how much water was present under 
detonation conditions even though the amount 
of water formed during the reaction in the 
calorimeter has been determined. 

3-3 THERMOCHEMISTRY OF HIGH 
EXPLOSIVES 

Thermochemical data and empirical formulas 
for several explosives, explosive mixtures, and 
ingredients of explosive mixtures are given in 
Table 3-1, together with data for their major 
decomposition products. These are important 
quantities from which theoretical properties of 
explosives can be calculated. There is no obvious 
correlation between A H° or A H d and the 
“stability” or “sensitivity” of an explosive. For 
example, NG and PETN which are known to be 
“sensitive” have large negative A H° f \ i.e,, these 
compounds are thermally stable with respect to 
their constituent elements. On the other hand 
TNT which is quite “insensitive” is almost 
thermoneutral with respect to its elements. 
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HMX and RDX which are certainly less 
“sensitive” than PETN or NG are thermally 
unstable with respect to their elements. 
Similarly AH d ’s do not correlate with 
sensitivity, e.g., tetryl is much more “sensitive” 
than nitrom ethane but (A H d )^ M > 
(A Ha)tetKji- Moreover it does not necessarily 
follow that a positive A H° f results in a large 
A#d» (&Hd)tetryl<(AHd)PETN • 

By far the best available determinations of 
A and product composition are those of 
Ornellas* . His results are given in Table 3-2. 
Note the excellent thermal and material balance 
obtained. Certain useful generalization can be 
drawn from these data, namely: 

1. Confinement increases AH d and 
changes product composition in bxy gen-negative 
explosives but not in oxygen-balanced explosives 
(see par. 3r4 and Table 3-6). 

2. In confined oxygen-negative 
explosives, at large packing density, an 
appreciable amount of solid carbon is found iii 
the products even though sufficient oxygen is 
available to form CO, e.g., in HMX. 

3. The fluorine of fluorine-containing 
explosives appears as HF in the detonation 
products. 

Consider the data of Omellasa (Table 3-2) for 
unconfined explosives. If the products for 
unconfined shots expand very rapidly so that 
the pressure becomes much less than P CJ at T fr , 
the temperature at which equilibria are frozen, 
then these products should approach perfect gas 
behavior at T fr . If we know the equilibria 
involved and their ideal equilibrium constants as 
a function of temperature, we can compute T fr . 
Table 3-3 gives the free energy function G°/RT 
for the important detonation products of CHNO* 
explosives. From these data AG°/(RT)cm be 
obtained for different temperatures for the 
reactions of interest, and ideal equilibrium 
constants computed according to 

ZnK = - AGV(RT) (3-2) 

where 

G°* standard state Gibbs free energy 
J? * gas constant 
T * absolute temperature 
Let us assu me that the water-gas reaction 

* Since these are the explosives of military interest all 
the subsequent discussion in this chapter will be 
confined to CHNO explosives. 


C0 2 +H 2 =C0 + H 2 0 (a) 


is the controlling equilibrium. To illustrate the 
computation we will use PETN, CsHg^Oj 2 > as 
an example. Let X be the number of moles of 
C0 2 at equilibrium, and C, H, O the original 
gram atoms of carbon, hydrogen and oxygen 
respectively. Then from mass balance and 
Raoult’s law 


P co 


_ P(C rX) 


PCQo ~ 


PX 

n t 


Ph 2 o (O-C-X) 


(3-3) 


P „ 2 =-f- m + c - o + x) 


where 

n t = total number of moles of gas at equilibrium 
p = partial pressure 
p - total pressure at equilibrium 


The ideal equilibrium constant for reaction (a) 
is 

pc^h 2 o (C-x; (o-c-X) 

*“ _ Pco 2 Ph 2 = X('ACH + e-o+X) 

X(X - 3) 

For PETN with K - 2.96 corresponding to T fr * 
1600°K: 


X * 3.50 ■ moles CO* per mole of PETN 
C-X " 1.50 * moles CO per mole of PETN 
O-C-X * 3.50 * moles H,0 per mole of PETN 
V4H + C - O + X « 0.50 * moles H* per mole of PETN 
N/2 - 2.00 * moles N* per mole of PETN 


This equilibrium mixture matches .almost 
exactly the composition found by Omellas 1 for 
unconfined PETN (see Table 3-2). In Table 3-4 
we show that for T fr ~ J600° K the computed 
ideal gas mixtures for HMX, TNT, as well as 
PETN, agree closely with the results of Omellas 
for unconfined charges. 

Other reactions which must be considered at 
high pressures (confined charges) are 

2CO = C0 2 + C(s) (b) 

CO + H 2 = H 2 0 + C(s) (c) 
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At low total pressures (unconfined charges) the 
data in Table 3-3 give K c ** 9 X 10' 5 and K b » 4 
X 10‘ 6 for the equilibria (b) and (c) at T fr = 
1600° K. Thus the neglect of reactions (b) and 
(c) at low pressure is entirely justified. 
According to Le Chatelier’s Principle, reactions 
(b) and (c) will shift to the right at high 
pressure, and we should expect more C0 2 , H 2 0 
and C(s) for confined charges than for 
unconfined charges. At high pressures, the ideal 
gas laws are no longer applicable and simple 
computations of equilibrium compositions are 
no longer .possible without the appropriate : PVT 
equation of state for the products. Omellas 1 has 
made computations for C-J isentrope 
compositions at 1500°K and at 1800° K using 
the Becker-Kistiakowsky-Wilscn (BKW) and 
Lennard-Jones Devonshire (LJD) equations of 
state for the products. Agreement between 
observed and computed product compositions is 
quite good. This suggests that T fr for confined 
charges is between 1500° and 1800° K in 
agreement with T fr - 1600° K for unconfined 
charges. 

At high pressures and temperatures of the 
order of 1500° to 2000° K the reactions 

N, + 3H, = 2NH 3 (d) 

C(s) + 2H, = CH 4 (e) 

are no longer neglible if the equilibrium mixture 
(before considering reactions (d) and (e)) 
contains appreciable H 2 . Equilibria (a) through 
(e) account for all the observed products (Table 
3-2) with the exception of very minor amounts 
of:3dCN. 

34 COMPUTATION OF Q 

Examination of computations for unconfined 
charges (perfect gas) as well as the more 
elaborate calculations for confined charges 
BKW* LJD, etc.) clearly show that when an 
explosive .con tains sufficient oxygen to convert 
all its hydrogen to steam and its carbon to C0 2 
(oxygen-balanced), the water gas equilibrium 
completely determines the composition of the 
products. Thio equilibrium is rather insensitive 
to the total pressure at equilibrium, 
Confirmation of these theoretical computations 
is found in OrneRas* data for confined and 
uncorifined PETN (Table 3-2) which show 
essentially the same product composition at high 


pressure and at ambient pressure. Conversely, in 
oxygen deficient explosives equilibria (b) 
through (e) play an important role and as 
expected, the product compositions for an 
oxygen-negative explosive are very different for 
confined and unconfined charges (Table 3-2). 

We now return to the question of Q the heat 
released in a detonation and its relationship to 
A H d which is determined calorimetrically. Q 
cannot be measured directly. It can be 
computed if a. PVT equation of state is known 
for the dense detonation products. Since there is 
no general agreement about the proper form of a 
PVT equation of state for detonation products, 
the best we can do is to compare Q’s computed 
with different-equations of state. This is done in 
Table 3-5 using three rather different equations 
of state; Somewhat unexpectedly it turns out 
that Q is quite insensitive to the type of 
equation of state used. Thus Q’s computed, for a 
given explosive at a given density but using 
different equations of state, agree closely. What 
appears to be even more remarkable is that for 
explosives that are not too deficient in oxygen 

Q » AH d (3-4) 

and for oxygen deficient explosives 

<3 * 1.1 AH* (3-5) 

where the calorimetric measurements AH d were 
made on confined explosives. Actually this 
coincidence is not totally unexpected. In a 
calorimeter water is in the liquid state and even 
for strong confinement one might expect spme 
pressure drop before the thermal measurements 
are completed. In the C 4 state, water is gaseous 
and the pressure is at its highest possible level. If 
there were no pressure drop, then > Q by 
the heat of vaporization 
of water. However there is some pressure drop 
and, consequently, the equilibria of such 
reactions as (b) and (c) lie further to the right in 
the C-J state than in the calorimeter. Reactions 
(b) and (c) (as well as (d) and (e) the less 
important reactions) are exothermic, and their 
greater degree of completion in the C-j state 
tends to compensate for the effect of the heat of 
vaporization of water. 

Some further conclusions may be drawn from 
the data in Table 3-5. As already stated, at a 
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fixed density for a given explosive, Q does not 
change with the equation of state but the 
computed C-J temperatures do change. The 
computed C-J pressures (which are generally in 
reasonable agreement with experiment) do not 
change appreciably with these equations of 
state, but do change strongly with initial 
density. Now for a given equation of state, a 
change in initial density produces a much greater 
change in the computed pressure than in the 
computed temperature. This computed pressure 
change is confirmed by experiment. Note that 
the computed Q for a particular explosive in all 
cases decreases as the computed pressure 
decreases but that it is fairly independent of the 
computed temperatures. This same trend 
appeared in the data of Table 3-2 where the 
freeze-out temperatures for all the explosives 
were about 1600° K but the equilibrium 
pressures and product compositions varied 
depending on whether the explosive was 
confined or unconfined. Thus it appears that 
product composition (which determines Q) is 
more strongly influenced by the final pressure 
than by the final temperature of the system. 

The relative nondependence of Q on C-J 
temperature may be rationalized as follows. For 
oxygen-balanced or oxygen-rich explosives, the 
water gas equilibrium (reaction(a)) is the 
primary reaction which determines the product 
composition. This equilibrium changes rather 
slowly with temperature and furthermore small 
changes in equilibrium composition produce 
very little change in Q because reaction (a) is 
almost thermo-neutral, i.e., (A H° f )co 2 ** 
(AH?) C o + (AHf) H ^ 0 . For oxygen-poor 
explosives the explanation is not as apparent. 
Reactions (b) and (c) are sensitive to 
temperature, and they are not thermo-neutral. It 
may be that equilibria (b) and (c) lie far to the 
right (as written) over wide ranges of detonation 
temperature and pressure. 

Two further generalizations can be made 
about the results in Table 3-5. If we arrange 
explosives according to their oxygen balance in 
order of increasing unbalance, as we have done 
in Table 3-6, then it becomes apparent that the 
largest Q’s are obtained with balanced explosives 
and that the Q'$ decrease fairly slowly for 
moderately oxygen-poor explosives, and more 
rapidly for oxygen-rich explosives. The reader 
must be warned that there are exceptions to this 


generalization— (e.g., Explosive D and Hydrazine 
nitrate in Table 3-6). 

A more fruitful approach to a priori estimates 
of Q is shown in Table 3-7. It. is clear that <3’s 
based on the best available computations agree 
closely with Q A s computed solely oh the basis 
of initial explosive composition and 
thermochemistry with the arbitrary 
assumptions: 

(1) All the initially available hydrogen 
forms steam. 

(2) Any oxygen remaining forms C0 2 . 

(3) Any carbon remaining appears as solid 
graphite. 

(4) All the nitrogen goes to N 2 . 

Thus quite accurate estimates of Q appear 
possible if the initial explosive composition and 
A Hf of this composition are known. 


3-5 FRAGMENT VELOCITIES 

One of the most useful functions of a 
secondary explosive is its ability to produce and 
accelerate fragments formed from its immediate 
environment. It seems likely that the efficiency 
of an explosive in accelerating fragments should 
be related to the energy contained in the 
explosive. The discussion which follows will 
show that this expectation is fulfilled. 

The so-called Gumey formulas 6 are very 
successful in determining terminal fragment 
velocities. These formulas are derived on the 
basis of three fundamental assumptions, namely: 

(1) The chemical energy of the explosive 
is converted into kinetic energy of fragments 
and detonation products. 

(2) The velocity distribution of the 
detonation products varies linearly from zero to 
the velocity of the fragment. 

(3) Th^ density of the products is 
uniform or at lease independent of position, i;e,, 
p = p(t) but p fp{x). 

For cased cylindrical explosive charges these 
assumptions lead to 

v= ^Mm (3 ' 6) 
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where 

V ~ terminal fragmu** velocity (no air 
drag) 

yjZE = empiric^ Gumey constant (having 
the dimensions of y) 

C = weight of explosive 

Air - weigiit of casing 

For the case of a plane wave detonation 
accelerating a flat plate, the Gurney formula is 



3 

5 M/C + 4 (M/C) 2 


(3-7) 


Gurney constants computed from experimental 
data obtained from several sources are compared 
with Q in Table 3-8. On the average (with Q 
obtained from Eq. 3-4, using experimental A H d ) 
y/2E/ JzQ " « 0.95, however, there may be a 
trend for thisvratio to decrease as p 0 decreases. 
The results for TNT are contradictory. The only 
available information for nitromethane (NM) 
makes it appear as an inefficient plate driving 
explosive. Nevertheless, the data in Table 3-8 
clearly show that in one-dimensional 
detonations the chemical energy of explosives is 
very efficiently converted into kinetic energy 
(around 90% conversion) of fragments and 
explosion products. 


3-6 AIR-BLAST 


The efficiency of an explosive in producing 
air-blast is usually given in terms of equivalent 
weight, i.e., the weight of TNT (or some other 
standard explosive) to give the same air-blast 
overpressure as the test explosive where both 
measurements are made at a fixed distance 
from the charges (see Chapter 13). For 
measurements made far away from the explosive 
charge, Landau and Lifshitz 2 have shown that 
the overpressure is proportional to the initial 
energy of the explosive, i.e., to mQ where m is 
the mass of explosive; consequently, 

equivalent weight - m°/m = Q/Q° (3*8) 

•where the superscript o refers to the standard 
explosive. 

Experimental equivalent weights are compared 
to computed Q/Qtnt and to experimental 
AH d /{AH d ) T tf r in Table 3-9. Agreement 
between m TNT /m and Q/Q T nt is seen to be 
quite good. A H d /(AH d ) TNT > m TNT /m except 


for Comp. B and Pentolite which contain large 
proportions of TNT. This is not surprising since 
it is Q and not A H d which should correlate with 
equivalent weights. Usingthe approximation of 
Eq. 3-5 brings the A E d ratios into much better 
agreement with the equivalent weight ratios, 
except in the case of aluminized explosives for 
which the “corrected” A H d ratio is still greater 
than the equivalent weight ratio. This suggests 
that in unconfined aluminized explosive charges 
the aluminum does hot contribute all its 
chemical energy presumably because the 
aluminum reactions are slower than, the other 
detonation reactions. 

3-7 UNDERWATER PERFORMANCE 

Price 3 has suggested that a criterion of the 
underwater performance of an explosive is given 
by the sum of the shock wave energy (at a:fixed 
distance which is large compared to the 
explosive dimensions) and the oscillating bubble 
energy. To a first approximation both shock 
energy and bubble vary directly with explosive 
weight, and the sum should be approximately 
equal to the chemical ei'iergy of the explosive 4 . 
Consequently, Eq. 3-8 is also applicable to 
underwater explosions if the m’s are the sums of 
equivalent weights for shock wave and bubble 
energies. The data in Table 3-10 show excellent 
agreement between equivalent weitfits and 
Q/Qtnt except for two explosives (TNETB and 
PETN) which have only slight oxygen 
deficiences. As discussed in par. 3-3 the 
composition and, consequently, Q for these two 
explosives do not change with confinement; For 
the other explosives in Table 3-10, and 
particularly for TNT, composition could be 
affected by confinement in the direction of 
smaller Q as confinement is reduced. It is 
conceivable that the computed Q’ s for the 
oxygen negative explosives are overestimates of 
the actual Q’s for the conditions of the 
experiment, and consequently Qpetn/Qtnt or 
Qtnetb /Qt n t should be larger than shown in 
Table 3-10. 

Note that aluminum greatly adds to the 
underwater performance of aluminized 
explosives. Presumably this is due to the longer 
confinement period of the surrounding water 
which allows the aluminum reactions to go to 
completion before too much expansion occurs. 
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3-8 C-J PARAMETERS 

In par. 3-4 we indicated that calculated Q’s for 
dense explosives are insensitive to the form of 
PVT equation of state used in the computation. 
This means that Q, if available experimentally, is 
a poor criterion for choosing the best equation 
of state. On the other hand quite good estimates 
of Q appear possible based oh Q A or AH d , 
These estimates can then be used to get 
approximate values of T v the equilibrium 
teniperature of a constant volume explosion, 
PdJ the Chapman -Jouguet pressure, and D the 
steady detonation velocity. Approximate values 
for T v can be obtained from 


5 s 


Ty « 


Qa 


+ T„ 


where 
Qa - 


and 


and experimental Pcj is 6%(+15 to - 11 % 
maximum deviation). For ten other explosives 
for which experimental data are also available 
the deviation is greater than that given. Seven of 
these ten explosives contain NM or TNM or 
both. For other values of tc, agreement is even 
poorer. 

A better approach for estimating P C j Is to use 
experimental D values which are often available 
where experimental Pcj data are not. A 
convenient equation to use is 


Pcj ~ 


(3-12) 


(3-9) 


heat released in an explosion 
computed on initial explosive 
composition and thermochemistry 
and arbitrary assignment of products 
shown in par. ,3*4. 

n t * number of moles of gas at equilibrium 
estimated from arbitrary reactions 
used in obtaining Q A 

?{ - specific heats of products averted 

over the temperature range T v - T 0 
The T v obtained from Eq. 3-9 should represent 
an upper limit to T C j, since all the chemical 
energy is assumed to go into thermal energy of 
the products and no allowance is made for 
energy of repulsion which surely must be 
present in the highly compressed C-J state. If the 
detonation product obey the poly tropic gas 
law, i.e., PV K « constant, then 


D * 2Q A (tc-l) (3-10) 


Pcj ~ 2 Q A p 0 (K-l) (3-11) 

Agreement between experimental values of D 
and P C j t and those computed using Eqs. 3-10 
and 3-11 is only moderately good. Using Q A (or 
Q) and k* 2.5 the average deviation oi 
computed and experimental D’s (detonation 
velocity) is 6 % (+5 to-13% maximum deviation) 
for 13 almost voidless explosives. For these same 
explosives the average deviation of computed 


Calculations on 26 explosives (some of these 
are at about 1/2 of voidless density), using Eq ; 
3-12 and experimental D and P C j> give an 
average *c of 2.8 with a maximum range of 2.4 to 
3.0. Four explosives which give k*s outside the 
above range are NM;. TNM and two aluminized 
Comp B mixtures. 

3-9 MAXIMUM WORK 

In an adiabatic process, according.!*) the first 
law, the maximum work W m ax that an element 
of explosive can do on its surroundings is.-AE 
(note that the term adiabatic refers to no heat 
gain or loss by the element from, or to the 
surroundings) . For a constant volume explosion, 
explosion products (formed in an exo-thermic 
reaction) assumed to be a poly tropic gas, and 
neglecting the Pv term for the solid unreacted 
explosive, 

AE * Ef - E 0 ~ 2(A Hf) vr0 d U cts 
PpUf 

+ -y-l“ y (3-13) 

* Qe.v. + Y~l = - Wtnox 

For a polytropic gas v f may be related to v 0 
according to 

PjVZ}2 * P { vi and * P 0 v? 

where the subscript i refers to some intermediate 
state above which the poly tropic coefficient is fc 
and below which the coefficient is 7 = 
c p /c u , P c>i/t * Py/2 is the constant volume 
explosion pressure, and the subscript o refers 


u 


3* 


i A ' 
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to the standard explosive. For typical values of 
the parameters involved and an arbitrary 
assignment of (Pj/Pi)l 2 * 10 3 it can be shown 
that P 0 Vf 

Consequently for a constant volume 

(C.V.). plosion ^ ^ (3 . 14) 

Eq. 3-13 is also applicable to a C-J detonation 
except that v f for a C-J detonation is different 
from v f for a constant volume explosion. For a 
C-J detonation 

PjV l « PjM (K + 1)]* 

m P{vf and aa before P t v] =P 0 Vf 


P v 

With the same assumptions as before 
<6.03 and 

w max * Q 

Because the pressures are different and 
consequently the chemical equilibria could be 
different <3 does not necessarily equal Q c . w .. The 
data in Table 3-5 suggest that Q>Q e v , because 

Pj>P*. v , 

Ihere are no completely unambiguous 
measurements of the maximum work done by 
an explosive; however, the Ballistic Mortar 
probably coma* closest to being a valid test of 
the maximum work. In this test a standard 
weight of explosive is fired in a suspended 


mortar ninth a tightly fitting steel projectile and 
the angle of recoil of the mortar is measured 
Results are generally expressed in terms of a 
standard explosive, e.g., TNT. In Table 3-11 we 
compare measured Ballistic Mortar results with 
Q where both quantities are taken relative to 
TNT. It is obvious .that correlation is poor. If the 
comparison is made with AH d rather than Q, 
correlation is much better anddt becomes better 
yet if one arbitrarily assigns (Atf d ) Ti vj. - 1.00 
kcal/g rather than the measured (A H d ) T sT * 
1.09 kcal/g for tightly confined charge 1 .' As 
already discussed the heat release of TNT, but 
not of other explosives such i»s PETN, is strongly 
influenced by confinement The explosive loads 
in the Ballistic Mortar are generally at fairly low 
packing densities so that detonation products 
can expand slightly before the projectile starts 
to move. During the period of acceleration of 
the projectile there is further gas expansion and 
re-equilibration of products. The whole process 
ap^are to be quite similar to what is happening 
in a partially confined charge fired in a 
calorimeter. Thus one might expect that A H df 
and not Q is a better measure of the “maximum 
work” measured by the Ballistic Mortar; In 
Table 3-2 we show that AfiT a for TNT varies 
from 0.68 to 1.09 kcal/g depending on the 
degree of confinement. Consequently, the 
arbitrary choice of (AH d ) TNT « l.CO kcal/g is 
riot unreasonable in this case. 

In the Ballistic Mortar, as in air-blast and 
fragment propulsion, aluminized explosives do 
not perform as well as expected from their 
theoretical $ values. 
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TABLE 3-1. SOME BASIC THERMOCHEMICAL DATA 


*l.«Wa.»7°a.f» 100 " 
c a.o* ,l *.»i l, a.u 0 a.«T l0C * 

VnVia 

C|, * >ll «.u ,, ».7» 0 a.«* ,0 °* 


C»l*riMtrt(»Uy Mit «f 4«to««U*« U »Mfl »U<w»fc«r*» fornplcxt** 

*xpl<Miv«< Mn wImi iariiC'Urf; HjOU) 

9 ML » U>hm< MmIUUm IrtdtiWfK 

(ML « lUvtl OrdMKl UHUIMJ 

AAPI • AnM»*at X«**trcK M4 d«v«l<>p»*at C*t*bU*k#4K (U.X.) 


30 


Ol-c 


TABLE 3-2. CALORIMETRIC DETERMINATION OF THE HEAT AND PRODUCTS OF DETONATION^ 


EXPLOSIVE PKTN 

Condition Confined 

PETE 

Unconfined 

KMX 

Confined 

KMX 

Unconfln*d 

TNT 

Confined 

TNT 

Unconfined 

MM 

Cahfihnd 

rEPO 

Confined 

P 0 <f/cc) ^ 

1,74 

1.74 

1.80 

1.80 

1.53 

1,53 

1.13 

1.60 

^(Kcal/f): 

1.49 

1.50 

1.48 

- 

1.09- 

- 

1;23 

1.28 

<* d > ctl < kcal / 8 ^ 

1.50 

1.51. 

1.51 

1.33 

1.16 

0.68 

1.25 

1.35 

Products 

Mole/nol* 

C0 2 

3.39 

3.50- 

1.92 

1.44 

1.25 

0.063 

0.26i 

3.16 

CO 

1.64 

1.59 

1.06 

2;65 

1.98 

5.89 

0.550 

1;88 

ck 4 

0.003 

<9.0002 

0.039 

0.0006 

0.099 

0.009 

0.083. 

0.001 

C(.) 

non* 

non* 

0.97 

non* 

3.65 

1.01 

0.095 

non* 

H 2°(l) 

3.50 

3.45 

3;18 

2.50 

1.60 

0;17 

0.882 

2.14 

“2 

0.45 

0.51 

0.30 

1.53 

0.46 

2.31 

0.294 

0,046 

*2 

2.00 

2.00 

3.68 

4.0l 

1.32 

1.36 

0.394 

1.99 

*3 

0;037 

0.002 

0.395 

non* 

0.162 

0;022 

Q.118 

0.023 

HCN 

non* 

non* 

0.0C8 

0.0006 

0.020 

0.024 

0.008 

- 

H? 

Empirical foraula 

“ 


- 


“ 

" 


1.87 

of explosives b itd 
on products** 

C 

5.03 

5.01 

4.00 

4.09 

2.00 

6.99 

4.99(a) 

5.04(b) 

H 

-6.02 

7.92 

t.31 

1.06 

.5.03 

5.08 

3.04 

6.30 

N 

4.04 

4.00 

1.77 

1.04 

2.68 

2.76 

0.92 

4.00 

0 

11.92 

11.99 

S.08 

1.03 

6.08 

6.19 

1.95 

10,34 

r 

- 

- 

- 

- 

- 

- 

- 

1.87 


* Fro* product composition and 48°** of Tabl* 3-1. 

** Caspar* with empirical foraula of Tabl* 3-1, 

(a) Analyaia of criginal nat*rial fav* ^ 

(b) Analyaia of original Material g.v* 
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TABLE 3-3. IDEAL GAS FREE ENERGY FUNCTIONS (<?/fR7)l FOR DETONATION PRODUCTS 


1000 

-75.69 

-38.88 

-53.94 

rl7.49 

-1.522 

-31.70 

-24.95 

-34.17 


1400 

-63.66 

-36.03 

046.77 

018.39 

-2.064 

-31.44 

-25; 97 

-33.38 


1500 

-61.74 

r-35.61 

-45.66 

-18.59 

-2.190 

-31.49 

-26.20 

-33.38 


1600 

-60.09 

-35.26 

-44 ; 70 

-18.78 

-2.312 

-31; 57 

-26.43 

*t33;'4I ♦0V435 

-2V84 

1800 

-57.42 

-34.72 

-43.17 

-19.14 

-2.454 

-31.79 

-26.84 

-33,59 


2000 

-55.36 

-34 . 34 

-42.00 

-19.47 

-2.764 

-32.06 

-27; 24 

-33.85 -3.31 

-7.66; 

2500 

-51.89 

-33.79 

-40.11 

-20.20 

-3.256 

-32.83 

-28.12 

-34.70 


3000 

-49.83 

-33.58 

-39.07 

-20.84 

-3.686 

-33.65 

-28.89 

-35.67 


4000 

-47.70 

-33.58 

-38.19 

-21.90 

-4; 406 

r-35.24 

-30.19 

-37.61 -11,41 

-16.11 

5000 

-46.81 

-33.81 

-37.99 

-22.77 

-4.996 

-36.67 

-31.29 

-39.41 

-18,13 
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TABLE 3-5. 


CALCULATED AND OBSERVED Cn) PARAMETERS 







a * «i tig 



Uir .. 


T?X 


KftplMlV* 

P 0 , 

g/ee 

MvHt 

' nr#«u" 2ub#r«/** 

Krdor 

FlcVrtt 

lufnr*» 

fedar 

ficktll 

iuhr.v 

fSf.V 

1.77 

1.32 

.. 1.4# 

319 

- 

310 

2*30 

- 

4400 



1.77 


4:ij - 1.4* 


340(1), 



4200(1) 




1.17 

1,32 

1.4*(») 1.43 

2(0 

231(0 

270 

3020 

4500(0 

43CO 



1.(7 




310(2) 



3400*00(2) 




1.00 

1.3# 

1.43 

102 

#0 

(« 

3(70 

47S0 

4(30 

ft 

OX 

1.(0 

1.4# 

1.4# 1.47 

347 

325 

340 

23 #0 

4040 

4000 



1.(0 


i :« d 2rl.«:b> 


347(2)} 

370(3) 



3700(1) 




1.40 

1.43 

1.43 

200 

192 

-- 

3270 

43(0 

— 



1.40 

... 

.. 


213(3) 







1.20 

1.3# 

.. 

143 

~ 

133(c) 

3475 


4340 



1.20 




132(3) 







1.00 

1.33 

3.2# 1.33 

101 

104, 

104 

30 00 

4375 

4360 

NW 

1,60 

1.4( 

.. 

3*3 

- 

- 

230* 

- 

-- 

1 


1.(0 

A.V 

» 1.4* 


3*0(3) 







1.13 

1.30 

1.37 

130 

123 


3120 

3*00 


X 


1.13 

*V 

1.23 


12#(3) 

144(2) 



3400(4) (2) 
3700(1) 


W1 


1.(3 

1.27 

1.2* 1.23 

304 

1*4 

1*4 

2(40 

3440 

3740 



1.(3 




223(2) 







l.s# 




202(3) 







1.33 

AH d 

« 1.0# 









1,40 

1.43 


1.24 

143 

17* (2) 
1(7(3) 

" 

3110 

3720 

" 



1.00 

1.14 

1.11 1.15 

7# 

71 

73 

3200 

3*30 

3*70 



1.03 




113(2) 





s- 


1.00 




(4(3) 





o*ts» 

1.7# 

1.13 

.. 

2(3 


.. 

sens 

— 

- 

X 


1.7# 

AV 

1.01 


23*(2) 





Tatryl 

1.70 

1.42 

— 1.40 

23* 

-« 

230 

2(20 

« 

4000 

J 

L 

1.70 




2#J(1> 



2950(1) 




1.50 


4Hj"1.17r 







TW 

i.ei 

0,3( 

0.33 

1(3 

132 

- 

1340 

2440 


4 


1.(4 




1S»<2> 



2900(2) 

3100(1) 


2/3W1/3TXH 

1.40 

1.44 

1.30 

1*2 

133 

— 

31(3 

4433 

— 







10(2) 



35*0(2) 


0.#0«/0,20TW< 1.31 

1.39 

1,(2 

1(1 

13( 


4000 

3040 

- 


i 

•* 

1.31 




134(21 



3750(3) 


!W 


l.M 

1.4# 

1.4# 

347 

30# 

.. 

3320 

4(#0 

- 

4 


1.(0 




233(3) 



4000(1) 


TNI /Bid) 

1.70 

1.43 

- 

300 


•* 

3005 

- 

- 

►tatv(d) 

l.M 

1.4# 

.. 

333 

- 


DM 


» 


* H*C»r W 3100} 1*43. 

** rit*m w Jtu, i#«. 

Za(*r*tr »>«* Poklwix 1M.4S2.J1M4). 

U) Apia and VookabolnUw, MMtT J,(IM 1 ). 

(21 CU«<» »* M ?#>0, 

(3) Sr*«tn MMl. IXAUfty 
(•) p ft . 1,#Q «/««. 

(Dll Atiuaad to b« tk# i«ae «■ for n*jt, 

(s) P 0 « *■» «/?«• 

(d) ,N0L ccwpuutlo* u»ln« KV muntlon. 
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TABLE 3-6. CORRELATION BETWEEN Q AND OXYGEN BALANCE 


Explosive 

A 

g/ce 

Q*. 

kcal/g 

Oxygen 

Balance** 

0.8 NM/0.2 TNM 

i.3i 

1.61 

0.00 

BTNEU 

1*86 

1.49 

0.00 

NG 

1.60 

1.47 

+3.5 

TNETB 

1.70 

1.45 

-4.0 

PBTN 

1.77 

1.50 

-10.0 

2/ 3HM/1/ 3TNH 

i.40 

1.30 

+15.1 

HMX 

1.90 

1.48 

-22.0 

RDX 

1.80 

1.48 

-22.0 

NM 

1.13 

1 .33 

-39.3 

Comp. B 

1.7 

1.41 

-40.3 

Tetryl 

1.70 

1.41 

-47.4 

TNT 

1.63 

1.27 

-77.6 

TNM 

1.64 

0.55 

+49.0 

Explosive D 

1.50 

1.27 

-52 

DATNB 

1.79 

1.12 

-56 

Hydrazine nitrate 

1.63 

0.90 

+8.4 



*Average value shown in Table 3-5 

* Oxygen balance * - ^2C atoms +H/2 a >s - 0 atoms] 
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f ABLE 3-8. COMPARISON OF Q AND GURNEY CONSTANTS FOR PLANE-WAVE 

SHOTS 


HE 

Po. 

t/cb 

)/3f, y/fiT, V 21/2Q 

m/iisec mm/nsac- 

Source 

Baratol 

2.61 

~2 . 0 1.94 -0.97 

1.72 min -0.86 Bln 

SRI 

•3/17 HMX/Taflon 

1 <911 

3.24 W 3.22 

0.995 

LRL 

86/14. JOIXmuorcarbon 

1.894 

3.26 (,) 3,32 

1.02 

LRL 

MMX 

1.891 

3.52 3.55 

1.01 

LRL 

HMX 

1.89 

3.52 *3.45 

*0.980 

SRI 

U / if HMX/Kel F 

1.882 

3.27 <a) 3.28 

1.00 

LRL 

80/20 HMX/Viton 

1.876 

3.15'** 3.14 

0;995 

LRL 

90/10 HMX/Viton 

1.865 

3.38*** 3.32 

0.980 

LRL 

•5/15 HMX/Viton 

1.865 

3.24*** 3.19 

0.984 

LRL 

PBX 9404 

1.841 

3.42 3.38 

0.988 

LRL 

pax 9404 

1.84 

3.42 3.21 

0.938(0. 99max> SRI 

78/22 HMX/TOT 

3U821 

3.41 * b * 3.29 

0.965 

LRL 

••/12 HMX/Fluorcarbon 

1.798 

3.30 (a) 3.17 

0.960 

LRL 

90/10 RDX/Xel F 

1.787- 

3.22*** 3.13 

0.972 

LRL 

90/10 HKX/Urethane Polymer 

1.777 

3.38 (a) 3.14 

0.929 

LRL 

PITH 

1.765 

3.57 3,36 

0.940 

;UtL 

77/23 Cyclotol 

1 .754 

3.35 (,?> 3.14 

0.938; 

LRL 

92/8 HMX/PE 

1.719 

3.42*** 3.10 

0.905 

LRL 

Coup, 3 grd.A 

1.717 

3.26 2,990 

0.915 

LRL , 

Comp, B-3 

i.68 

3.22 2.99 

0.930 

SRI 

Coap. B-3 

1.68 

3.22 3.00 

0.933 

NOL 

90/8/2 RDX/P.S./D.O.P 

1.875 

3.27*** 2.97 

6,908 

LRL 

TNT 

1.630 

3.02 2.54 

6.84 Bin, 

LRL 

TNT 

1.630 

2.37 * d * 2;54* 

1.07 Bax 

" 

TNT 

pressed 

3.02 <3.00 

<o.?»* ? * 

SRI 

TNT 

pressed 

3.02 <2.f6 

<0.98* C ^ 

LASL 

NM 

1.143 

3.21 2.18 

0.68 

LRL 

NM 

1,143 

2.86* d * 2.18 

0.76 Bin 



** 

(a) 

(b) 

(c) 
<d) 


Q a AKj for confined charges. 

Determined by Eq. 3-d using experiaental data, 

Q ® <£MX) other materials assumed inert. 

Q 3 

Plane wave lens contributes to driving the metjil. 

Based on AHj for unconfined charges (see Tfjbla 3-4). 
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TABLE 3*9. CORRELATION OF Q AND EQUIVALENT WEIGHTS FOR FREE AIR 

BLAST 





Experimental 





Po, 

qT 

AHd, 

Equivalent 

^TOT 


Explosive 

g/cc 

kcal/g 

kcal/g 

Weight 

AH d /(AH d> 

TOT 

1.6 

1.27 

1.09 

1.00 

1.00 

i.oo 

TNITB 

1.7 

1.45 

1.47 

1.13 

1.14 

1.35 

Comp B-3 

1.7 

1.40 (a> 

1.24 

1.13 

1.10 

i.u 

98/2 RDX/Wax 

1.6 

1.45 (b) 

1.45 (W 

1.19 

1.14 

1.33 

95/5 RDX/Wax 

1.6 

1,41 (b) 

1.41 (W 

1.19 

1.11 

1.29 

91/8 RDX 
(Comp. A- 3) 

1.6 

1.35 (b > 

1.35 <b) 

1.09 

1.06 

1.24 

PETO 

1.55 

1.48 

1.49 

ttl.2 iGi 

1.17 

1.36 

50/50 Pentolite 

1.6 

- 

1.2» (W 

1.16 

- 

1.18 

Explosive D 


«1.07 

- 

«0.85 

0.84 

- 


Aluminized explosives 



80/20 Trltonal 

1.7 

»i.8 (e) 

1.63 

1.07 

Wl.4 

T.52 


HBX-3 

1.8 


1.995 

1.16 

- 

1.83 


Minol II 

1.7 

- 

1.51 

1.24 

- 

1.39 


Torpex II 

1.7 

- 

1.60 

1.23 

- 

1.47 


* 

<•> 

<b) 

(~) 

(d) 

(e) 


Average of values shown in Table 3-5. 

Taken froa J, Petes Annals N.Y. Academy of Sciences 152, 315 (1968),. 

Assumed slightly smaller than the 1.42 to 1.45 kcal/g computed by LJD or BKW 
methods for 64/36 RDX/TliT. 


0 - S 

4H d = E " 1 CiH d ) i 


Unpublished data, Stanford Research Institute 


NOL calculation using the BKW equation 

Based on 1/3 + O.TAl^ . 0.83« 2 0 + 7/3 C<*)+ 1/2N 2 
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TABLE 3*10. UNDERWATER PERFORMANCE OF EXPLOSIVES 


Explosive 

Equival ent 
Weight* 

q/q tnt 

TNETB 

1.28 

i.i4 

PETN 

1.25 

1.18 

mix 

1.19 

1.17 

RDX 

1,16 

1.17 

95/5RDX/W ax 

1.13 

i.n (a) 

75/25 Cyclotol 

1,12 

1.12 (a) 

Comp. B 

1.11 

1.11 

50/50 Pentolite 

1.09 

1.09 (a) 

Tetryl 

1.08 

1.11 

Explosive D 

0.91 

0.84 

Aluminized 

70/30 TNETB/A1 

1.80 

*1.90^ 

HBX-3 

1.59 

*1.57 <d) 

70/5/25 RDX/Wax/Al 

«1.60 

*1.7 <e) 


Relative to TNT, this is the equivalent weight for shock 
energy + bubble energy. Data taken from Ref. 3. 

(a) Q s E n^^; wax, if present, assumed inert 

(b) NOL computation of Q 

(c) 9 a = 2.42 kcal/g for CgHgNgQ^t 6A1 = 3A1 2 0 3 + 3H,,0 + C0 2 +5C+3N 2 
00 Assuming Q = AH^ 

(O Q a » 2.2 kcal/g for 1/3 C^HgNgOg* 0.98 A1 = 

0.49A1 2 0 3 +0.53K 2 0 + 0.47H 2 + C(s) +N 2 


TABLE 3*11. CORRELATION OF DETONATION ENERGY AND MAXIMUM WORK 
(BALLISTIC MORTAR) 


AMCP 709*180 


Rxploeive 

Relative to TNT 

w tttt 

"V vt 

d TNT 




‘“VwT - 1.09 

-ra?— ttu? 

HMX 

1.50 

1.17 

1.36 

1.48 

RDX 

1.50 

1.17 

1.36 

1.48 

PRTN 

1.45 

1.18 

1.37 

1.50 

1(0 

1.40 

1.16 

1.35 

1;46 

TKETB 

1.36 

i.14 

1.35 

<>•-* v 

Coap, A-3 

1.35 


<b) 

1.35 <a> 

Comp. 8 

1.33 

i.io 

1.14 

1.24 

Tetryl 

1.2 to 1.3 

l.n 

1.07 

,1.17 

Pentolite 

1.26 

1.02 (,) 

1.18<*> 

1.29*** 

Picric Acid 

1.12 

0.97 

0.95 

1.03 

DATNB 

1.00 

0.88 

0.93 

1.01 

Explosive D 

0.99 

0.84 

)«98 

1.07 

Minol 2 

1.43 

- 

1.39 

1.51 

Torpex 2 

1.38 

- 

1.47 

1.60 

Trltonal 80/20 

1.24 

- 

1.30 

i . e? 

HBX-3 

1.11 

- 

1.83 

2.00 


i.6d kc*i/g 


(•) 9 1 




(b) Aawatd wax is caapletely Inert 
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CHAPTER 4 THERMAL DECOMPOSITION OF EXPLOSIVES 


4*1 INTRODUCTION 

Explosive liquids and solids can be 
decomposed by heat and light at relatively 
moderate temperatures. During decomposition, 
considerable heat is liberated since these 
reactions are exothermic. When the rate of 
decomposition in the condensed phase is 
sufficiently high, then an explosion mav result 
due to self-heating, i.e., the heat generated during 
decomposition exceeds heat loss to the ambient 
by conduction and other means. This phase of 
decomposition (self-heating) is analyzed in 
Copter 10. It is clear that detailed information 
on the stability of liquids and solids is needed 
for two reasons. First, to determine the 
conditions under which the unstable materials 
may be handled with some degree of safety. 
Second, to determine the conditions under 
which explosion will result since many 
explosions are preceded by a phase of rapid 
decomposition. 

The first step in assessing the stability of a 
liquid or solid is to consider the thermochemical 
properties. Detailed information is needed on 
rates of decomposition, activation energies, and 
heats of decomposition. Some information on 
these properties is becoming available but there 
is considerable discrepancy in the values quoted 
by different workers. There is also a lack of 
reliable values for many of the thermal 
properties such as specific heat, thermal 
expansion, thermal conductivity, and other 
similar properties. 

If the conditions under which explosion 
develops are to be controlled, then it is vital to 
understand the mechanism of the 
decomposition. This has been recognized in the 
last ten to fifteen years, and there are active 
centers of research throughout the world 
concentrating on this problem. Liquid explosives 
are usually characterized by covalent bonds, and 
there is considerable background of research for 
related materials to make it possible to propose 
reasonable decomposition mechanisms. At the 
same time, the development of modern 
equipment makes possible the analysis and 
identification of intermediates in small 
concentrations and of short life. Mass 
spectrometers, electron spin resonance and 


nuclear magnetic resonance equipment, 
chromatography, and spectroscopy are all being 
employed in this connection. 

The majority of explosive materials, however, 
are solids and here the situation is more 
complex. The decomposition may be mainly a 
surface reaction or it may develop in the bulk 
material. Defects, and impurities can influence 
the course of M»e reactions. It is perhaps 
essential to have a phase change or to melt the 
solid before an appreciable decomposition rate 
can be measured. The methods used to study 
explosive solids follow closely those developed 
for the study of semiconductors. It is necessary 
to show the nature of the bonds in the solid and 
to decide whether the solid is ionic or covalent. 
Covalent solids can be of the valence type or of 
the molecular type. For this purpose, studies are 
being made of the optical properties of the solid 
(ultraviolet, visible, and infrared spectra; 
refractive index; birefringence), as well as 
electrical properties (conductivity at low and 
high temperature), photoconductivity, 
crystallographic studies, and electron 
microscope and electron diffraction studies. In 
this way much has been learned about simple 
azides although it cannot be said that one can 
yet speak with confidence about solids such as 
lead azide. 

4-2 DECOMPOSITION ENERGIES 

The decomposition of most liquid arid solid 
explosives results in the formation of gas. The 
simplest way to follow the reaction is t make 
pressure, time measurements in a closed system 
at constant volume. These curves are sigmoid in 
shape (Fig. 4-1), and from such curves the rate 
constant k can be obtained. Numerous relations 
have been obtained experimentally for solids, 
for example 


kt + constant 

(4-1) 

h 

(4-2) 

\ Pr ' 7 



where p is the gas pressure at time t and p f the 
final gas pressure. For many solids nuclei are 
formed in localized regions, and these play a role. 
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in the decomposition. These nuclei grow and 
eventually overlap and interfere. Many 
investigators have derived expressions to fit the 
experimental curves in terms of the production 
of nuclei. Thus, Prout and Tompkins give the 
relation / \ 

«n ( — — ) - kt + c (4-3) 


where c is a constant and a the fraction of 
explosive decomposed; this holds for the 
decomposition of many solids such as 
permanganates and oxalates, and some of the 
azides. Another relation by Avrami and Erofeev 
is gaining in popularity. Their analysis involving 
three-dimensional growth of nuclei is of the 

form - in ( i- a) = (kt)" (4-4) 

For some reactions n * 4 at the beginning of the 
reaction and n * 3 in the decay period. 


When melting takes place, the nature of the 
rate equation is modified. The decomposition of 
liquid explosives has been successfully followed 
by determining the concentration of one of the 
products of decomposition with time, e.g., the 
formation of nitrogen dioxide during the 
decomposition of the nitrate esters or the nitro 
compounds. Here, of course, the assumption is 
made that the nitrogen dioxide is one of the 
primary products of decomposition. It is hot 
intended to list here all the various methods in 
use to follow decomposition since these are too 
numerous. Accounts can be found in Chemistry 
of the Solid State*, Reactivity of Solid* 2 , and in 
many other Symposia and papers published in 
recent years. 

Once the rate constant has been determined, 
then a study of the variation of the rate constant 
k with absolute temperature T gives a measure 


'i s 





Figure 4-1. Thermal Decomposition Sigmoid Curve 
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the activation energy E (refer to Fig. 4-2) from, 
the general relation 

k = Z exp (4-5) 

where 2 . is the pre-exponential factor and R the 
gas constant. Unless it is stated specifically, the 
values tor E are usually the overall activation 
energies. Of greater interest is the value for the 
activation energy for each individual step in the 
decomposition complex of reactions; these are 
gradually becoming available. More refined 
equations are available for analysis of rate 
measurements but the experimental results 
obtained so far do not lend themselves to the 
use of advanced theory. 

Values which have been given for activation 
energies of various explosives are listed in Table 
4-1. These have been selected as possible values 
but the agreement between different 
investigators is not good. Both E and Z may vary 
with temperature, particularly at high 
temperatures. Autocatalysis may also take place 


and the products of decomposition can exert a 
profound influence on the Tate. The table is 
included to give an idea of the magnitude of the 
energies, however, too much reliance should not 
be placed on the absolute values given. The 
values usually range between 30 and 50 
kcal/mole, and are not very different from those 
normally found for many other nonexplosive 
materials. This is not surprising as the processes 
involved in the decomposition: of explosive and 
nonexplosive systems can be very similar. It is 
the exothermic nature of. many of the 
decompositions that makes the reaction run 
away to explosion. Chain mechanisms. may also 
play a part in the decomposition. 

4-3 DECOMPOSITION MECHANISMS 

It will be convenient to consider explosives in 
three groups: 

(1) Covalent liquids and solids (the organic 
nitrates and nitrocompounds). Here the initial 
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Figure 4-2. Plot of Logarithm of Rate Constant k vs Reciprocal of Absolute Temperature to 
Determine Activation Energy from Slope of the Line 
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TABLE 4-1 ACTIVATION ENERGIES AND PRE EXPONENTIAL FACTORS FOR 
SOME EXPLOSIVE LIQUIDS AND SOLIDS 



Temperature 


Compound 

Range,. 

°C 

E., r 

kcal/moU 

logZ 

VC ' 1 

Nitroglycerin 

160-190 

50 

23.5 

Tetaryl 

211-260 

38.4 

15.4 

Ethylene dinitramine 

174-178 

30.5 

12.8 

PETN 

160-230 

47 

19.8 

TNT 

— 

37 

— 

DINA 

— 

35.5 

— 

Picric acid 

153 

58 

— 

Lead .azide 

— 

36-38 


Silver azide 

below 190 

44 



above 190 

31 


Mercury fulminate 

100-115 

32.2 


Lead styphnate 

225-255 

40? 



step in the decomposition is usually bond fission 
and a free radical mechanism applies. 
Intramolecular elimination reactions have also 
been considered. 

(2) Ionic solids. Many of the primary 
explosives such as the azides, metal picrates, and 
acetylides belong to this group; electronic 
processes will dominate the reaction mechanism. 

(3) Ammonium salts. Ammonium salts in 
principle belong to group (2) since they are 
generally ionic solids. There are, however, two 
possible paths for the decomposition, and for 
thisreason they .are considered separately. 

4-3.1 COVALENT LIQUIDS AND SOLIDS 

There is no doubt that the organic nitrates 
form tin only class of materials which have been 
studied in a systematic way. It is generally 
agreed that the first step in the decomposition is 
the fission of the oxygen-nitrogen bond in which 
an alkoxyl radical is produced. This is also the 
rate determining step. Thus, for a simple 
compound such as methyl nitrate 

CHjONOj - CH s O + N0 2 
The activation energies favored by Gray 7,8 for 


the decomposition are methyl nitrate, 38.4 
kcal/mole; ethyl nitrate, 36.4 kcal/mole: 
n-propyl nitrate, 37.6 kcal/mole; and this is 
equated to the energy required in the bond 
fission process given in the given decomposition 
reaction. The reactions in the gas phase in 
particular are homogeneous with 
pre-exponential factors approximately equal to 
10 13 . The decompositions are also inhibited by 
the addition of nitrogen dioxide and nitric oxide 
by the possible reactions of the alkoxyl radicals 
RO in the manner 

RO- + no 2 -+ rono 2 

RO- + NO -* RONO 

thus indicating the way in which nitrates may be 
reformed and also how nitrites can be produced 
during decomposition of the nitrate esters. 

The alkoxyl radicals can undergo a variety of 
reactions and rearrangements, and in the case of 
the simpler alkoxyl radicals these have been 
described in detail in a review by Gray and 
Williams 8 . There may be association with 

radicals, hydrogen abstraction, rearrangements 

(isomerization), decomposition of the radical to 
simpler radicals and ah' hydes car jketones, 
disproportionation, and decomposition by 
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radical attack. It is evident that ail these 
reactions can lead to complex products and 
these are found in the decomposition products: 
For the decomposition of a nitrate ester such 
as n-propyl nitrate the following set of equations 
may be written as a sequence of reactions during 
decomposition: 

n-Cj H . ONO a n - C 3 H 7 O + N0 2 
n-C 3 H 7 0-* 

C 2 H 5 - + N0 2 ~* C 2 H 3 0‘ + NO 

and some C 2 H 8 N0 2 

C 2 H 6 0' -+ CHj' + CH 2 0 

CH 3 - + N0 2 -> etc. 

n-C 3 H 7 0 + NO ■+ n-C 3 H 7 ONO 

etc. 

Schemes such as this have been proposed for 
many nitrates and related esters. What is needed 
is the activation energy for each step; some of 
these are now known fairly accurately. 

Systems such as glycol dinitrate, nitroglycerin, 
and PETN will behave in the same way but, 
since there are more nitrate groups in each 
molecule, there is difficulty in working out the 
precise order of the steps to the final products. 
Thus, glycol dinitrate would be assumed to 
decompose ideally in the manner 
NO a OCH 2 CH,ON0 2 -+2NO* + och 2 ch 2 o 

i 

2CH 2 0 

or for more complex dinitrates ■ 

(CH, JjjCOj NO., 

CH, - 2 (CH, ), CO + 2 NO, + C,H„ 
CH, 

(CH s ) g COl NOj 

For PETN, nitroglycerin, and related systems, 


carbonyl compounds^-such as formaldehyde, 
more complex aldehydes and ketones— are 
formed simultaneously, and these together with 
the alkyl radicals are oxidized by vhe nitrogen 
dioxide. The decomposition of nitroglycerin 
accelerates if the products are allowed to 
accumulate or if water or adds ar* introduced. 
Apart from gaseous products— such as NO, N.O, 
H 2 0, CO, CH 4 , N 2 , and HCN—liquid nnd solid 
residues of complicated structure are also found. 

The nitrate esters are also decomposed by 
ultraviolet light, and again it is assumed that the 
initial step is bond fission. First there is the 
formation of an excited state 

RONO, 5? RONO* -> RO + NO, 
excited state 

which may revert to the ground state or 
dissociate to give free radicals. 

Andreev has made an extensive study of the 
decomposition of nitrate esters, and of the 
effect of products and additives on the reaction 
rate. He followed the decomposition of PETN in 
a variety of physical states: the solid, molten, 
dissolved, and gaseous states. The rate of 
decomposition is greatest in the gaseous state 
and least in the solid state. 

The nitxo compounds have also been studied 
in some detail.. A review of the decomposition of 
nitromethane by Makovsky and Lenji 10 records 
the information available up to 1958. The vapor 
phase decomposition at different temperatures 
and pressures has been followed by static and 
flow methods. The reaction ha* been shown to 
be first order and a large number of the products 
of decomposition identified. These include NO, 
N 2 0, H 2 0, CO, CH 4 , C0 2 , and traces of C*H 2 , 
C 2 H 8 , and N0 2 . More complicated products are 
formed at high pressures, e.g., HCN* CH 3 CN, 
HCHO, etc. The overall activation energy for 
decomposition is in the region of 50*53 
kcal/moie, Most. investigators favor- bond fission 
as the initial step in the decomposition 

ch 3 no 2 *+ CH 3 - + N0 2 

Numerous other stepr, have been proposed to 
account for the prcxiucts of decomposition, and 
some of these are/ given to indicate the type of 
reactions envisaged 
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ch 3 * + ch 3 no 2 ch 4 + *CH 2 N0 2 
•ch 2 no 2 + no 2 “► CH 2 0 + NO + no 2 
CH 2 0 + N0 2 -+ CO + NO *5 h 2 o 
2 CHj* C 2 H 6 
Reactions of the type 

CH 3 ' + NO -> CH 3 NO -*■ CH 2 »NOH -* HCN 
+ H a O 

are also probable reactions. 

On the other hand at high pressures, in the 
region 12-40 atm, Makovsky 10 and Guenwald 
consider the reactions 

CH 2 N0 2 -► GHjNO + O 

O + CH,N0 2 -* CH 2 0 + IINOj, etc. 

may also take place. The photolysis of 
nitromethane has been studied recently by 
Nicholson 12 who postulates bond fission as the 
initial step in the decomposition. 

The decomposition of the higher nitro 
alkaiies-e.g., nitroethane, 1 and 2 
nitropropane— has also been studied though in 
less detail. For nitroethane, values of the 
activation energy ranging between 41 and 46 
kcal/molesseem to be the most reliable. There is 
considerable debate concerning the first step in 
the decomposition. The C-N bond strength is 
estimated at 56 kcal and the activation energy 
measured is some 10 kcal smaller than this for 
nitroethane. Possible schemes starting with 

C 2 H 6 N0 2 -* C 2 H* + N0 2 

as the first step have been evolved but the 
alternative reaction 

c,h 5 no 2 -> C 2 H 4 + HN0 2 

is a strong candidate. For this reason the 
detailed schemes for the two rival mechanisms 
will not be given; the details may be found in 
the literature. 

For 2-nitropropane, a careful study by *5 with 
and Calvert 11 gives the following expression for 
the decomposition rate constant: 

k * 1.11 X 10 u exp [-39.3/CAT;], se<f’ (4-6) 


This is based on propylene formation in a static 
system. Many of the arguments put forward for 
nitroethane also apply to the nitropropane 
system. Again, there is disagreement a3 to the 
first step of the decomposition but the weight, is 
perhaps in favor of a step of the kind 

CH s CHN0 2 CH s “► ch 2 «cech 3 + hno 2 

Here, intramolecular elimination of propylene 
and nitrous acid takes place via a cyclic activated 
complex. This is followed by a series of radical 
reactions. Some of V ose proposed are 

HN0 2 ^ OH + NO 

OH + CH 3 CHN0 2 CH 3 -+H 2 O 

+ CH s 6N0 2 CH 3 

h 2 o 

+ ch 3 chno 2 c% 
ch 3 cno 2 ch 3 CH 3 COCH 3 + NO 
CH 3 CHN0 2 CH 2 -+ CHjCHNO + CH 2 0 

**► ch 3 ch»ch 2 + no 2 

CHjCHNO CH 3CNOH 

CH 3 CNOH + NO -» CH*CN + HN0 2 

The higher aliphatic nitrocompounds have not 
been studied in sufficient detail for likely 
mechanisms to be proposed. This is also true for 
some of the aromatic compounds such as picric 
acid. 

4-3.2 IONIC SOLIDS (AZIDES) 

From the practical point of view, lead azide is 
the most interesting of the azides. On the 
qualitative side considerable information exists 
on rates of decomposition, explosion 
temperatures and the like. It has only been 
realized in recent years, however, that one needs 
to go further into this problem of th^ 
decomposition of the azides, Figures were 
available but no. real understanding of the 
mechanism of decomposition; this is still. true to 
some extent. 

A start has been made on the simpler azides in 
the solid state which are represented as M N 3 , 
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and on the related compounds— the fulminates 
CH 0 and cyanamides CN*' —since these form 
an isoelectronic series. Consider a solid like 
KN # . It is known that it is composed of ions K + 
and NJj and that it is a relatively stable 
compound. The azide ion is a linear symmetrical 
group fli.isAfl i.igA fi- with sixteen valence 
electrons, and the orbital system can be 
represented simply as in Fig. 4-3 where the o 
-bonds, lone pairs, and the 7r-bonds are 
indicated; The orbitals which are of interest 
from the point of view of electronic transitions 
are the delocalized 7T and » nonbonding 
2 .2 

orbitals since electrons will be excited from 
these orbitals to higher orbitals. 

The azide ion is also isoelectronic with the 
C0 2 molecule and all the values for the 
vibration frequencies-syro metrical stretching, 
asymmetrical stretching, and bending— are 
known from infrared and Raman spectra. From 
thf/ae, force constants may be calculated. 

If one considers a ample series of the 
monovalent azides— KN 3 ,T1N 3 , AgN 3 , 
CuN 3 ,Hg 2 (Ng) 2 — and organic azides (solid), it 
is found that the stability varies in the order 
KN 3 > TIN* > AgN 3 > GuN 3 < Hg 2 (N 3 ) 2 < solid 
azides. The stability decreases along the series K 
to Cu as the ionization potential J increases, or 


more accurately as (I - E) increases. Here JEJ is the 
electron affinity of the azide (N 3 ) radical and is 
in the order of 2.8 ev, although higher values 
than this have been quoted. The problem is to 
explain why the stability varies in this way,; a. 
reasonable explanation can be given if we use 
the band theory of solids. 

In the case of KN 3 , J- 4.32 ev, £«2.8 ev; 
therefore (I - E) is small. For greatest stability, 
the solid should be composed of ions K + and 
N 3 . The structure is tetragonal and all 
metal-nitrogen distances are the same. It has 
properties typical of ionic’ solids such as KBr, 
the refractive index is low (of the order 1.5), 
and. the optical absorption edge occurs in ^the 
vacuum, ultraviolet part of the spectrum. The 
silver salts AgN 3 and AgBr, however, are 
unstable solids and readily decompose on 
heating, or during irradiation with light of 
suitable wave length or ionizing radiation. 

kT 

2iV^ Zf 2Ag + 3N 2 + Q 

similar to 

2 AgBr 2Ag + Br 2 

where Q represents the heat of decomposition. 


— — — ».Tr. non bonding orbital 

— -ir, bonding .orbital 

Vi 

Ion* pair - « ' fl |\| |\| — ^ Ion* pair 



Figure 4-3. Representation of the Orbital System of the Azide Ion 
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The bromides are mentioned since there is in 
fact a close resemblance between the behavior of 
the azides and the corresponding bromides. The 
ionic radii of Ag + and of K + are 1.26 A and 
1.33A, respectively, which are not too different. 
On the other hand, the structure of AgN 3 is 
orthorhombic, and there arc directed bonds. In 
the solid, there are four long silver-nitrogen 
bonds of 2.79A and four short bonds of 2.56A. 
The solid has a partial layer-type structure. The 
physical properties depend markedly on crystal 
direction. The refractive index is, high and is 
approximately^ 2. Of or light oflong wave length, 
and the optical absorption edge is now much 
further into the visible part of the spectrum. All 
these properties indicate a departure from an 
ionic type of lattice in the silver salt. 

The decomposition of silver azide by heat is 
exothermic to the extent Q«148 kcal/mole. 
From the given chemical equation it is clear that 
while the lattice is composed mainly of ions, the 
products are neutral, so that an electron transfer 


mechanism must operate at some singe of the 
decomposition. Before the mechanism of the 
decomposition can be established, it is necessary 
to determine the electron energy levels in the 
solid— in other words the energy £ required to 
excite an electron from the valence band to the 
conduction band where, as in Fig. 4-4, we 
assume the valence band is formed by the 
overlap of orbitals of the azide Ni ions while the 
conduction band is formed by the overiap of 
orbitals of the metal M + ions. 

On the experimental side the overall activation 
energy for die decomposition of silver azide has 
been determined from pressure-time curves, and 
below 190° C the value is 44 kcal/mole or 1.9 ev 
molecule. Some information is also available on 
the collapse of the lattice in passing from silver 
azide to metallic silver. This is obtained from 
electron diffraction studies of a crystal as it 
decomposes under the action of an electron 
beam in the diffraction camera. Oriented silver is 
formed with lattice parameters slightly greater 



Conduction band 

(overlap of orbital* from M*ion*) 


Valence band 

(ovorlap ot orbital* from N'ion*) 


Figure 4-4. Schematic Showing Energy E to Excite an Electron from Valence Band to 
Conduction Band in Silver Azide 
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than for normal silver, and it is concluded that a 
diffusion of silver takes place to lattice sites 
made vacant by the removal of azide ions N 3 
during decomposition. This will give oriented 
silver nuclei with large silver-silver pacings. 
Finally, there is a collapse to normal silver. The 
silver that is formed during decomposition is 
very mobile and appears on the surface mainly 
as discrete nuclei which grow in size until they 
cover the whole of the surface. The nuclei may 
be less than 10A in diameter (the limit of 
resolution of the electron microscope used to 
determine their size) to greater than 2000A. 
these nuclei play an important part in the 
decomposition, and for this reason a knowledge 
of their size and distribution is needed. The 
technique used is simple. Crystals of silver azide 
are heated or irradiated with light giving a 
surface film of silver, which consists of the large 
and small nuclei as illustrated In Fig. 4-5(A). A 
carbon film is evaporated on to the nuclei (Fig. 
4-5(B), and undecomposed silver azide dissolved 
away in dilute ammonia solution. The carbon 
film floats on the liquid surface and is picked 
up on an electron microscope grid which is then 
studied in the normal way. It is possible 
that silver forms internally along dislocations in 
the crystal in the manner found by Mitchell and 
illustrated in Fig. 4-5(C). No evidence for this 
type of behavior has as yet been found for the 
azides. Even with crystals of silver cyanamide 
which resembles silver azide but which are more 
stable, the silver is mainly at the surface. This 
has been verified frequently in electron 
microscope studies. The situation, as far as 
dislocations and their influence on the 
decomposition of the azides is concerned, is that 
a possibility exists that they do play a part in 
the decomposition but direct proof is not at 
present available. An etching technique might 
perhaps give better results. The main 
decomposition seem to take place at the surface. 

Reference was made earlier to use of the band 
theory of solids in connection with the 
explanation of the stability of azides, and it was 
stated that it is necessary to determine electron 
energy levels in the solid. The simplest way to 
determine energy gaps is from the optical and 
electrical properties of the solid. The optical 
absorption spectra are determined in the normal 
way, and one can represent the light path as in 
Fig. 4-6. If J Q is the incident intensity of light 
and I the transmitted intensity, then in the ideal 


case the absorption coefficient a in cm' 1 is given 
by the exoression 1=1 e m0tt . where t is the 
thickness of the crystal in cm. Absorption 
coefficients a are determined as functions of the 
wavelength of light y and for values of a in the 
region of high absorption corresponding to 10 5 
to 10 6 cm* 1 , it is assumed that photon energies 
hv correspond to the band gap E as shown in 
Fig. 4-7. Here one is concerned with direct 
transitions from the valence band to the 
conduction band Tor values of the wave-vector^ 
= 0. On a simple ideal this would correspond to 
the energy required for the following process 
but this concept should not be pushed too far: 

N; - N 3 + e 

azide ion azide radical electron in 

in lattice (positive hole) conduction band 

Measurements of the absorption spectra at low 
temperatures, particularly at liquid helium 
temperatures, reveal the presence of excited 
states. These are exciton levels and lie below the 
conduction band (Fig. 4-8). They form a 
hydrogen-like series and their frequency is given 
by an expression of the form 

v n = v„~R/n 2 (4-7) 

where v n is the frequency corresponding to the 
exciton of quantum number n, is the 
frequency of the series limit, and R is an 
exciton Rydberg constant. In the case of the 
alkali metal azides, Deb has resolved the n « 1, 2 
and 3 lines and has found that at liquid helium 
temperatures the band gap for KN 3 is 8.6 ev 
corresponding to light of wavelength 1450A in 
the vacuum ultraviolet, and the n = 1 exciton 
line occurs at 1895A or 6.6 ev. These gaps are 
quite large. 

Exciton levels have also been identified in 
T1N S and AgN 3 . However, one now finds th^t 
the absorption edge is in the vicinity of 3500 A 
or 3.5 ev for silver azide. The values for the gaps 
are: =3.5 ev optical; E 2 = 0.6 ev optical 

(see Fig. 4*9). These are much smaller than for 
potassium azide. 

E x can also be estimated from electrical 
conductivity measurements at high temperatures 
but the interpretation of the results is not 
always easy since both ionic and electronic 
conductivity have to be considered. E 2 can also 
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Figure 4-7. Absorption Coefficients a as Function of Wavelength X. At High Absorption , Photon 
Energy hv Assumed to Correspond to Band Gap Energy E 
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Figure 4-8. Showing Exciton Levels 


4*12 



AMCP 706-190 


be estimated from photoconductivity 
experiments. Here it is assumed that one 
measures the thermal energy required to 
dissociate optically formed excitons in the 
manner 

_ * heat 

N 3 + hv + N 3 — - N a + (e) 

exciton 

Both T1N 3 and AgN ? are good photoconductors 
when they are irradiated with light near to the 
optical absorption edge. The experiment is quite 
a simple one, and a schematic diagram is shown 
in Fig. 4-10. Light of known wavelength is 
allowed to fall on to a crystal held at a DC 
potential of a few volts. A photocurrent will 
result and the magnitude of this photocurrent 
depends on the wavelength of the light and the 
temperature of the crystal. Since the resistance 
of jthe crystal is usually high, of the order of 
10 10 SI cm., the photocurrents are very small 
and can be in the region of 10' 1 2 A. For this 
reason electrometers are in general used to 
record the currents. From the variation in 
photocurrent with temperature it is possible to 
determine an activation energy for the 
photoconduction process; for silver azide this is 
in the region 0.38 ev. This is a thermal energy 
which can be shown to be in good agreement 
with the value E 2 obtained optically. 

Energy gaps obtained from spectroscopic 
measurements give optical energies. One also 
needs to know thermal energy gaps. These are 
not the same, ana arguments based on the 
Franck-Condon principle led Mott and Gurney 
to give the approximate relation 



where E f is a thermal energy, E n the 
corresponding optical energy, K 0 the high 
frequency dielectric constant, and K the static 
or low frequency dielectric constant. K 0 is 
estimated from values for the refractive index n 
and for values of n corresponding to wavelengths 
well away from the absorption edge K 0 = n 2 . 
Substituting the appropriate values for silver 
azide, one obtains for E t a value of 1.88 ev. This 
is the thermal energy required to excite an 
electron from the valence band to the 
conduction band. This agrees remarkably well 
with the activation energy for thermal 
decomposition of 1.9 ev (below 190° C) 


determined from pressure-time curves. It is 
suggested in fact that E t in Fig. 4-9 for silver 
azide is connected with thermal decomposition 
and E 2 with the activation energy for 
photochemical decomposition. It is, therefore, 
possible to propose a generalized scheme for the 
thermal and photochemical decomposition of 
the heavy metal azides. This is shown in Table 
4-2. 

It must be emphasized that this scheme is very 
general. The detailed mechanism is much more 
complex since the presence of point defects, 
dislocations, impurities, metal particles and. the 
like have been ignored. In a general sense, 
however, it is probably correct and resembles in 
outline the mechanism of decomposition of 
silver bromide in the photographic process. 

An attempt can also be made to explain how 
the stability decreases along the azide series K, 
Tt, Ag, Cu. Along this series E ± is found to 
decrease quite appreciably; this can mean that 
the rate of decomposition at a given temperature 
can be, higher. The situation with KN 3 is a little 
more complicated. The bend gaps are very large 
and the exciton level n = 1 is well below the 
conduction band. With KN 3 Jacobs and 
Vompkins assume that during decomposition, for 
example by light, excitons are formed. These 
may be trapped at vacant lattice sites, for 
example where K + ions are missing. The electron 
from the exciton is then lost to form an F 
center. The positive holes (N 3 ) finally can give 
nitrogen gas. Such a mechanism is plausible 
because just as in the case of the alkali halides, 
color centers of the F center type readily form 
in the alkali azides and could play a part in the 
decomposition. 

As soon as the ionization potential becomes 
too large— e.g., I > 8.0 ev— the solid is no longer 
composed of ions but a covalent type of solid is 
formed. Examples are mercurous azide 
Hg 2 (N 3 ) 2 , hydrazoic acid HN 3 , and the organic 
azides. There are now directed bonds to one end 
of the azide group 



In this diagram M represents the metal, 
hydrogen or organic groups, and the bonds are 
shown. The distance Nj N„ is now much larger 
than N 2 N 3 . For example in methyl azide, 
CH 3 N 3 , the bond lengths and bond angles are: 
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TABLE 4-2 


THERMAL AND PHOTOCHEMICAL DECOMPOSITION OF SOME 
IONIC AZIDES 


Photochemical Decomposition 
Exciton formation Direct transition 

(1) NJ + hv= NJ* (1) NJ* + hv - N, + e 
formation of 

an exciton 

(2) 1NJ* at Nj + e 
t h e r m a 1 
dissociation of 
optically 
formed 
exciton: (rate 
determining 
step) followed 
by steps 2,3 
column 1. 


Light 


o 


C Crystal 

lb 

Mitsitivs 

Bottsry vtorcting rtsd 

typs slsctromstar 



Thermal Decomposition 

(1) NJ «N a . + e 

formation of positive hole and 
electron in the conduction band. 

(2) 2N a -*3N 2 

reaction of two positive holes at 
the surface to give nitrogen. 

(3) Ag n + Ag + + e-»Ag„ + v 
absorption of silver ion at a 
irtetal nucleus and electron 
capture. 


kJ 


Figure v-2 0. Schematic for Studying Photoconductivity of Crystal 
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If we consider hydrazoic acid as the simplest of 
these covalent azides, the orbital system may be 
written as shown in Fig. 4-11. 

There now exist differences in physical 
properties to the ionic azides in vibration 
frequencies, since all are now infrared active, 
and in the decomposition behavior to heat and 
light The initial step in the decomposition is 
probably bond fission, e.g., of the longest N-N 
bond, 


MN 3 


heat 

light 


MN + N 2 


HN 3 -> HN + N 2 

The subsequent steps in the decomposition 
depend on the stability of MN if M is a metal 
atom, or on the reactivity of the free radical if it 
is of the type HN. For example, ammonium 
azide can be formed from hydrazoic acid. The 
detailed mechanism is, however, the subject of 
rather violent argument and controversy at the 
present time, so that all the steps will not be 
given here. In the case of the organic azides the 
radical RN* can undergo rearrangement 
particularly if it is of the complex variety and is 
derived, for example, from triphenyl methyl and 
similar groups R. Usually the covalent azides are 
more stable than the ionic azides, although the 
statement must be qualified to some extent 
since some of the covalent azides are 
exceedingly unstable, e.g., BrN 2 , 1N 3 , NON 3 
and the like. Solid HN 3 is also said to be very 
unstable but there is no reliable information on 
this point. 

A number of other systems are being studied 
in the same way as the azides, The list would 
include the acetylides, fulminates, styphnates, 
and picrates. At the present time it is impossible 
to predict accurately the properties of these 
solids. Potassium fulminate, for example, is one 
of the most unstable materials in this list and the 
reason for this is not clear. It should in fact be a 
reasonably stable solid from what one knows of 
the structure and other properties. 

The solids previously discussed are all of the 
simple type. In die case of azides and acetylides 


formed from transition metals such as nickel and 
cobalt, the situation is a little more complicated. 
Here one deals with coordination complexes; 
ligand-field theory * the study of the effects of 
environment of anions on the energies of the 
d-orbitals of the cation, has proved valuable in 
discussing the optical and magnetic properties 
and the stability of these solids. 

4-3.3 AMMONIUM SALTS 

The decomposition of both ammonium nitrate 
and ammonium perchlorate has been studied 
extensively. These are widely used as explosive 
materials. The decomposition can, however, be 
quite complex since the physical state of the 
solid m?.y change and it is possible to have 
sublimation and melting. Ammonium nitrate in 
the solid state can undergo a large number of 
phase changes over a relatively small 
temperature range. This has led to useful 
information on rotation of the nitrate ion and 
diffu' 5 q* (t the ammonium ions in the solid. 

Bev. x ii 210° -260° C ammonium nitrate gives, 
off nitrous oxide and water, but above 300° C 
explosion can take place. Some nitrogen is 
produced and impurities, for example Cl", can 
have a profound effect on the decomposition. 
The overall decomposition can be represented 
by 

NH 4 N0 3 -+ N 2 0 + 2 H 2 0 

Bircumshaw has discussed the decomposition 
of ammonium perchlorate. The solid exists in 
two modifications, orthorhombic below 240° C 
and cubic above 240° C. The products of 
decomposition are oxygen, nitrogen, chlorine, 
chlorine dioxide, nitrous oxide, nitrogen 
tetroxide, hydrochloric and perchloric acids, and 
water. An unusual phenomenon is observed 
during thermal decomposition of single crystals 
below 300° C. An amorphous solid is left as a 
residue and, strangely enough, this is also 
ammonium perchlorate. A similar observation 
has also been made for sodium azide by Secco. 

The decomposition of ammonium perchlorate, 
like ammonium nitrate, depends very markedly 
on the surface area of the solid. In the case of 
ammonium nitrate, considerable effort has gone 
into the preparation of a solid of low density 
(ca, 0.5) and high surface area. This material is 
said to be very sensitive to shock but there is 
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some disagreement on this. The effect of metal 
oxide catalysts on the decomposition of 
ammonium perchlorate can be quite marked. 
Manganese dioxide, nickel oxide, chromic oxide, 
cupric oxide, and zinc oxide have all been tried; 
for example, the addition of zinc oxide can have 
a profound effect In this case, the rate and 
extent of decomposition can be increased, and 
the explosion temperature can be lowered by 
some 200° C. Many of these effects have been 
interpreted in terms of electronic processes 
which occur during decomposition; accordingly, 
detailed knowledge of the catalyst, particularly 
by its semiconductor properties, is needed. 
Carbon has also been added to ammonium per- 
chlorate and can influence the kinetics of the 
decomposition. 

The ammonium salts are ionic solids and just 
as for the azides, electron transfer can occur 
during decomposition. On a molecular scale one 
may visualize the NH 4 and CIO* ions in the 
solid, and the formation of NH 4 and C10 4 
radicals (under the action of suitable stimuli) 
and their subsequent reactions. Another 
possibility, however, is the dissociation of 
NH 4 C10 4 according to the equation 

NH 4 C10 4 -*■ NH 3 + HCIO4 

This is referred to as proton trantfer and the 
reaction will be dominated by the subsequent 
decomposition and reactions of IICIO4 . Which 
of these two mechanisms wU operate will 
depend on temperature, and Galwey and 
Jacobs 1 * have suggested that below 280° C the 
electron transfer mechansim is the important 
oh®. Here only 30 percent of the solid 
decomposes and, as mentioned, the residue is 
still i^H 4 C10 4 in an amorphous form. The 
activation energy for decomposition is 32 
kcal/mole At higher temperatures, 350° - 
400° C, the proton transfer mechanism will be 
the more important and the activation energy 
for decomposition is 39.5 kcal/mole. The proton 
transfer takes place on the surface of the solid 
followed by the oxidation of the ammonia gas. 

Soma of the steps in the decomposition of 
perchloric acid which have been proposed are 

2HCIO4 H a O + C1 2 0 7 

2C1 2 0 7 2C1 2 + 70 2 (probably a chain 

reaction) 

4NH 3 + 50 2 -+ 6R5Q + 4NO 
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The overall decomposition may be represented 
88 2NH 4 C10 4 -+ 4HjO + 2NO + 0 2 + Cl 2 

Similar schemes have also been proposed for 
ammonium nitrate. One favored by Russian 
workers is 

NH 4 N0 3 * NH 3 t* HNO a 

4 

N0 2 + HjO + 0 2 

NH 3 + NO, -+ NHj* + HN0 2 

NHj* + N0 2 -+ NHjN0 2 

4 

n 2 o + h 2 o 

NO + NH^- -► NI^NO ■+ Bfi 
etc. 

As in many schemes of this kind, there is no 
problem in writing down free radical 

reactions. The main difficulty is to determine 
whether these in fact do take place and the 
energies involved in the processes. 

4-4 RADIATION DAMAGE IN EXPLOSION 

SOLIDS 

Explosive solids have been subjected to a 
variety of ionizing radiations and nuclear 
particles. There are electron beams, x-and 
y-rays, a particles, H 3 n uclei, neutrons, proton 
fission fragments and d oubtless others not listed 
here. These would include mesons and those 
particles discovered in recent year*. 
Decomposition can be induced in solids by these 
particles and, by taking nonexplosive solids as 
models, some insight into the radiation damage 
that is produced can be obtained. For the lighter 
particles the damage caused is studied by a 
variety of techniques. Optical and electrical 
properties, spin resonance techniques, chemical 
methods to identify new species, radioactive 
techniques — all are studied to determine 
changes within the crystal such as interstitials, 
vacancies, free radicals, color centers, and 
impurity formation. When the damage is 
1 msive as with fission fragments, high 
resolution electron microscopy coupled with 
Moire' fringe techniques can show tracks and 
dislocation loops in the crystal 


TOM to 


For ionic solids the main damage is caused by 
ionization, and electron processes, similar to 
those discussed earlier, operate. In addition, 
thermal, effects, recoil, and decomposition of the 
anion may occur depending on the nature of the 
radiation, Covalent solids are in general more 
stable. Point defects can be created; and strain 
and dislocations introduced into the lattice. 
Localized decomposition has also been found. 
Fission fragments can cause an appreciable 
increase in surface area of the solid. All of these 
factors can influence the rate of the subsequent 


decomposition. Although the rates of 
decomposition may be enhanced, the effects 
observed up to the present have not been very 
spectacular. In no case has an explosion resulted 
with the possible exception of electron 
bombardment and here heating has been shown 
to be responsible for the explosion. This is 
perhaps a fortunate result since explosive solids 
are already sufficiently dangerous to handle, 
without the added concern of excessive 
sensitization by ionizing radiation. 
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CHAPTER 5 MEASUREMENT OF DETONATION PROPERTIES 


5-1 INTRODUCTION 

In Chapters 2 and 6, relationships among the 
detonation parameters are derived and discussed. 
Some of these parameters— namely, velocity and 
conductivity— are readily measurable quantities. 
Others, such as pressure and temperature are 
difficult if not impossible to measure at the 
present time. In this chapter the current end 
most commonly used techniques for the 
measurement of detonation parameters are 
presented. The techniques are grouped according 
to the parameter being measured. Where a 
technique is applicable to the measurement of 
several parameters, it is discussed in detail only 
when first encountered. Date representative of 
some of the techniques are included. More 
extensive data may be found in the references. 

5-2 DETONATION VELOCITY 

Detonation velocity D is the most readily 
measured property of the detonation wave. 
Consequently, much of detonation theory 
centers on this quantity. A large body of theory 
concerns the state of the explosive products, a 
state which was perhaps the most unusual 
condition of matter prior to the advent of 
nuclear explosions. The explosive products in 
the detonation wave consist mainly of gases, 
sometimes mixed with solid particles of carbon 
or metal oxides, at a very high temperature at a 
density greater than that of the original solid or 
liquid explosive. The pressure is enormous; and 
the behavior, therefore, is far from the near 
ideal-gas behavior evidenced under more normal 
conditions. The nonideality of the product gases 
makes the detonation velocity in condensed 
explosives depend strongly on the initial bulk 
density of the explosive p 0 . The detonation 
velocity in gas mixture does not change very 
much with initial density. Empirically, the 
dependence of D on p o can be expressed quite 
accurately by a linear formula: D~D x + M/ p o , 
where D is the detonation velocity at unit 
density. Data on the dependence of detonation 
vel xiity on initial density have been the major 
source of information about the equation of 
state of the product gases; and, although the 
exact equation of state cannot be determined on 


the basis of these data alone, a considerable 
body of knowledge on this subject has been 
obtained. This topic is taken up in Chapter 7. 

5-2.1 HIGH-SPEED PHOTOGRAPHY 

The extremely high and -emarkably constant 
wave velocity was the phenomenon that first 
attracted scientific attention to the study of 
detonation. The major experimental tool for 
observing this pheonomenon has been and still 
remains high-speed photography 1 ; to describe all 
the ingenious cameras that have beer, developed 
for this specific purpose would demand a book 
in itself. The' discussion which follows is, 
therefore, limited to the most commonly used 
cameras. 

The classical work was done with a 
rotating-drum or a rotating-mirror camera. This 
type of device, sometimes called a “streak” 
camera, is useful primarily for measuring the 
velocity of a wave front or the motion of a 
surface. (The drum camera principle is 
illustrated in Fig. 5-1.) The field of view of the 
camera lens is masked except for a narrow slit 
parallel to the rotational axis of the camera. The 
camera is aligned so the slit is parallel to the 
direction in which velocity is to he recorded; for 
example, to measure detonation velocity, the 
camera is set up so that the slit is parallel to the 
axis of the explosive stick. The rotating-drum 
camera has the film mounted on a rotating 
cylinder, preferably on the inside so that it does 
not fly off. The image of the luminous wave 
front leaves a diagonal trace on the film, the 
slope of which is a measure of the velocity. A 
rotating-mirror camera is similar, except that 
the film is stationary and the image is swept over 
it by means of a rotating plane mirror. This 
makes possible much higher effective speeds, 

The precision of a velocity measurement with 
a streak camera depends among other things on 
the “writing speed”, i.e., the velocity of the 
image on the film. Present-day cameras of this 
type have a speed of up to 10 mm per psec. With 
such devices, velocity can be measured with an 
accuracy of about 0.1 percent. 

Although streak cameras have provided many 
of the important data concerning detonation, 
they do not furnish an image that allows one to 
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directly “see” a phenomenon. Great advances 
caihe about during World War II, therefore, 
when very high-speed motion picture cameras 
(or “framing” cameras as they are usually called) 
were developed. (The principal elements in the 
scheme are depicted in Fig. 5-2.) With these 
devices, rates up to 15 X 10 6 frames per second 
have been obtained. Such cameras are now 
available commercially. A rotating mirror is 
used to sweep the image over a ba.iK of 
individual “relay” lenses that serve to “stop” the 
motion in discrete intervals and project on the 
film a sequence of stationary images, one for 
each lens. Thus, the number of frames is limited 
by the number of lenses. A common camera of 
this type has some 24 lenses and supplies a 
corresponding number of sequential 
photographs. 

So-called “image dissection” has been applied 
to obtain much higher effective framing rates, 
up to 10* or even 10® frames per second. This 
technique involves dividing the image into 
elements that are “scrambled” on the film, 
thereby reducing the length of film that has to 
be scanned in each frame by the rotating mirror. 
To reassemble the image, the separate parts are 
“unscrambled” by reversing the process. Image 
dissection results in a loss of detail in those 
techniques where portions between elements are 
actually not recorded on the film, or loss of 
resolution when optical distortion of the 
separate parts is involved in displacing or 
compressing the images on the film. 

In photographing many high-explosive 
phenomena the self-light produced by the 
detonation is all that is needed to form the 
desired image on the photographic plate. But in 
some cases external illumination is needed. A 


common light source for this purpose is the 
argon flash charge. Essentially this is just an 
explosive charge such as Composition B in an 
atmosphere of argon. Because argon is 
monatomic and has a high electronic excitation 
energy, the shock wave near the surface of an 
explosive charge produces a very high 
temperature and thus an intense source of light. 
By tailoring the geometry of the charge and the 
size and shape of the argon envelope, the 
intensity and duration of the light can be 
modified to suit the experiment. Timing of the 
light flash can be synchronized by use of a 
suitable circuit to fire the charge. The peak 
luminosity of the argon flash charge is said to be 
5 to 7 million candlepower per square 
centimeter. Duration may be varied from as 
little as\ 10’ 8 sec to several hundred 
microseconds. 

Another light source for high-speed 
photography k the exploding wire. Electrical 
energy stored at high voltage in a condenser is 
discharged into a fine Wire of silver or copper. A 
bright flash is obtained, testing for 50 to 60 
Msec. Alternatively, a spark discharge is often 
used to obtain a very brief exposure. 

Single^exposure photographs of exploding 
charges can be made in a variety of ways; If the 
self-luminosity is not too great, an argon flash, 
charge or a spark of brief duration cm be used. 
Or, if the luminosity of the charge itself is too 
high, the motion can be stopped by me^uis of a 
high-speed shutter 2 . One type of shutter 
exploits the Kerr effect (see Fig. 5-3), which, is 
the polarization of light passing through certain 
liquids when they are subjected to a high electric 
field. The Kerr shutter uses nitrobenzene in a 
glass cell containing two electrodes. The cell is 



Figui'e 5-2. Optical System in AEC-Bowen Framing Camera 
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situated betvMn crossed Nicoi prisms, and the 
assembly is placed in front of the camera lens. 
When an electrical pulse of short duration is 
applied to the electrodes, light is allowed to 
pass. The open time of the Kerr cell can be as 
small a* a few nanoseconds (10* 9 sec ). Another 
type of shutter which is more convenient but 
ndt as' fast exploits the Faraday, or 
magneto-optic, effect. Here polarization is 
produced in a dense flint glass plate by inducing 
a strong magnetic field. 

6-2.2 PHOtaOPTICAL SYSTEMS 

While mechanical and optical techniques. have 
been highly developed in the photography of 
detonation phenomena, the possibilities that 
exist in the field of electronics involving, for 
example, the photoelectric effect suad the 
cathode ray tube have only recently been 
exploited. Ingenious work in this area is the 
work of J. S. Courtney-Pratt 3 which has been 
directed especially toward the study of fast 
events on amicro scale, such a? the initiation of 
detonation in a single^ crystal of lead azide. One 
applicaition is the image-converter tube in. which 
a photosensitive screen acts as the source of 
electrons (cathode) in a cathode ray tube. With 
this device the intensity of the image can be 


amplified many fold. Also, by means of 
electrostatic or magnetic deflection of the 
electrons, the image can be scanned at very high 
speed. A combination of these techniques makes 
it possible to achieve effective writing speeds 
some 100 times greater than those in a rotating 
mirror camera; Also, a very effective shutter for 
single-frame o? multiframe photographs can be 
obtained by “gating” the passage of electrons in 
the image converter tube. Several image 
converter cameras are presently available 
commercially. 

5-2.3 ELECTRICAL SYSTEMS 

Although the streak camera is an important 
and in some cases indispensable tool for 
measuring detonation velocity,, a more 
convenient technique 4 commonly employed in 
routine work is the use of “ionization probes”. 
These detect the passage of the detonation wave 
as a result of the electrical conductivity in the 
reaction zone. A series of two or more such 
probes are imbedded in the charge* spaced at 
intervals along the surface. By means of suitable 
electrical circuits, the passage of the detonation 
wave front is signaled to a cathode ray tube and ; 
displayed on a time base. The average 
detonation velocity between two probes may 
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then be calculated from the separation distance 
and the time interval between signals. 

The ionization probe itself may consist of two 
wires held a small distance apart with a voltage 
source-such as a charged condenser— applied 
across the gap and, a series resistance to indicate 
the passage of current. A convenient type of 
probe for many purposes consists of a pair of 
enamel-covered wires that are twisted together. 
The enamel is quickly burned off in the heat- of 
the detonation front. 

For the time base, a combination of a 
triangle- wave generator applied to the horizontal 
deflection plates of an oscilloscope and a single 
linear sweep applied to the vertical plates gives a 
zig-zag raster of long duration and high 
resolution. Time markings may be applied by 
means of either beam intensity modulation or 
beam deflection. The circuit elements are shown 
schematically in Fig. 5-4, arid the type of record 
obtained is shown in Fig. 5-5. 

The common ionization probe method is 
useful only for obtaining average velocities in a 
series of intervals. When one wants to measure 
accurately a rapidly changing velocity (for 
example, in ionization experiments), a variation 
of this technique can be used which yields a 
continuous distance-time trace. like *hat given by 
a streak camera. In this arrangement two long 
parallel lengths of resistance wire are inserted on 
the axis of the explosive charge and attached to 
a voltage source. As the detonation wave 
advances it effectively shorts out the two wires 
at the wave front and thus reduces the series 
resistance in the electrical circuit by the 
fractional extent to which the wave has 
progressed along the length of the wires from 
the open end. By suitable circuitry a resistance 
vs time trace can be displayed on an oscilloscope 
screen, which is essentially equivalent to 
distance vs time for the detonation wave. 

Still another method of measuring detonation 
velocity has been studied by Cook 1 ; this 
involves using the explosive charge as a wave 
guide for microwaves. 


5-2,4 D'AUTRICHE METHOD 

Besides these relatively sophisticated 
techniques, there is a simple velocity test known 
as the D’Autriche method. This is still used to 


some extent in routine vesting of dynamites. It 
employs a detonating cord as a standard and 
gives a measure of the velocity in the test stick 
compared to that in the cord. The test 
arrangement is shown in Fig. 5-6. The ends of a 
loop of detonating cord are inserted in the test 
stick and the middle is taped to a metal “teller” 
rod (lead or steel are often used). The exact 
mid-point of the detonating cord is marked on 
the teller rod. When the stick detonates it 
induces detonation in the two ends of the 
detonating cord, not simultaneously, but at an 
interval between equal to; the test base line 
divided by the detonation velocity D t in the test 
stick. The two detonation fronts traveling from 
opposite ends of the cord with a speed. D f 
converge at some point a distance ft beyond the 
mid-point toward the rear end of the loop; At 
the point of meeting head-on, the detonation 
waves produce a sharp dent in the teller rod 
which is readily identified: The ratio D t /D of 
the velocities is equal to one-half the ratio 
of the lengths and if D t is known, D t can be 
determined. The accuracy, of course, depends 
on the reliability of the value for D g and on the 
care with which the test is carried out. 

5-3 DETONATION PRESSURE 

The problem of measuring the extremely high 
and short-lived pressure in the detonation wave 
initially seems insurmountable. Theory predicts 
the magnitude to be some hundreds of kilebars, 
a level that may be compared, for example, to a 
head of water thousands of miles deep. These 
pressures equal of exceed the highest levels that 
can be produced in any other way at the present 
time. Indeed, the generation of shock waves in 
materials placed in contact with high explosives 
or impacted by explosively accelerated plates 
affords an important unique means for studying 
certain phenomena at the limit of man-made 
pressures. 

No direct standards or scales are available 
against which pressures of this magnitude can be 
compared. However, a sound basis for the 
determination of pressure is provided in the laws 
of motion. In fact, we now posess very accurate 
measurements of pressure in the detonation of 
various explosives, plus a wealth of precise data 
on the behavior of many inert materials at these 
high pressures 5 . 
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The mechanic^ ' conservation equation 
expressing conservation of momentum across a 
shock front (Eq. 2-133 of Chapter 2) relates 
pressure across the front p 1 - p o to three 
measurable quantities— initial density p o of the 
unshocked material,' shock velocity U, ar.d 
particle velocity u 1 of the shocked 
material— according to 

Pl - Po * Po U l U (54 > 

In a steady state wave, U is readily measured. 
Determination of p 1 hinged, then, on finding u 1 . 
In general; two ways are possible to determine 
Uj , the most common being to measure the 
velocity u ft at a free surface. For a shock wave 
in a condensed nonporous medium, u ft may be 
equated without much error to exactly twice .iij, 
i.e., 


% » 2u x (5-2) 

Eq. 5-2 is rigorous only in the infinitesimal 
acoustic approximation. It amounts to 
neglecting the entropy increase at the shock 
front and the energy dissipated in plastic 
Reformation. For many condensed, nonporous 
materials, Eq. 5-2 is a reasonable approximation 
at high pressure. 

Another method of obtaining u 1 is to measure 
the density p t behind the shock front by flash 
X-ray densitometry. This, value may then be 
used to determine u through the equation for 
conservation of mass (Eq. 2-129) 

p o U = Pl (U- u x ) (5-3) 

A close estimate* of the particle velocity 
associated with the C-J pressure (equilibrium 



Figure 5-5. Zigzag Oscilloscope Trace 
Obtained With Raster Generator 
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pressure at the end of the reaction zone) in a 
detonating explosive can be obtained from a 
theoretical equation due to H. Jones 8 , which is 
discussed in par. 7-3. This equation (Eq. 7-30) 
relates u t to detonation velocity and other 
properties of the explosive. 

= D/lioi 2 + *)] (5*4) 

wliere g o = 1 + dinD/dZn p o , and a is a 
dimensionless number that depends on 
certain thermodynamic properties. The value of a 
is close to 0.25. For many explosives g o is 
approximately equal to 1.7; hence, one may 
estimate u x from D by the approximate relation 

Uj * 0.26 D (5-5) 

Combining Eq. 5-5 and Eq. 5-1, one obtains 
(neglecting p o ) 

p l = 0.26p o C 2 


Eq. 5-6 gives values usually within, a few percent 
of those determined experimentally. 

Pressure measurements obtained at the Los 
Alamos Laboratory 7,8 are given in Table 5-1. 
The number of significant figures reported 
indicative of the accuracy of this work. The last 
line of the table gives the pressure calculated by 
substitution of the values for p o and D m the 
approximate relation Eq. 5-6. The agreement 
shows that this is indeed quite a useful formula. 

5-3.1 PRESSURE IN ADJACENT PLATES 

Pressures in the detonation wave have been 
very accurately determined by the measurement 
of pressure in a metal plate in, contact with an 
explosive. The method was proposed by 
Goranson® at Los Alamos in 1945, but such 
were the rigors of the technique that results 
were not forthcoming until some ten years later 
5 ' 9 . Both the theory and the methods in this 
type of experiment are somewhat involved? and 
cannot be discussed fully here. The reader is 
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CHAPMAN-JOUGUET PHESSURES IN VARIOUS EXPLOSIVES 


Parameter 

RDX* 

TNT 8 

63/37 
Comp. B 7 

64/36 
Comp. B* 

77/23 

Cyclotol* 

Density p 0 , g/cm 3 

1.767 

1.637 

1.67 

1.713 

1.74? 

Detonation Velocity 1), m/sec 

863S 

6942 

7868 

8018 

8252 

C-J Pressure, kbar: mens. 

337.9 

3.39.1 

272 

292.2 

312.5 

Eq. 5-6 

345 

207 

272 

290 

312 


referred for details to the given references. 
However, the basic ideas are simple. The 
pressure p m behind the shock wave in the metai 
plate is determined through Eqs. 5*1 and 5-2 by 
a simultaneous measurement of shock wave 
velocity U and free-surface velocity u [g . This 
determination is made for several thicknesses of 
metal and extrapolated to zero or near-zero 
thickness, depending on whether the initial 
pressure in the precursor shock (the so-called 
“vor: Neumann spike”) or the Chapman-Jouguet 
pressure is desired (see Fig. 5-7). The reason an 
extrapolation must be made is that the shock 
front in the metal it continually attenuated as it 
passes through the metal because of the 
“overtaking” effect of the rarefaction traveling 
behind it Thus, if one wishes to determine the 
pressure sc the interface between metal and 
explosive at the instant the detonation front 
first reaches that point, 1* is necessary to know 
the shock and free-surface velocity that would 
be produced in an infinitely thuiTplate. When the 
initial pressure p m in the metal, at the interface 
is known, pressure p x in the incident detonation 
wave can be calculated from the 
“impedance-match” formula that governs the 
interaction which the wave experiences at the 
interface. An approximate but quite accurate 
version of this formula was deduced by Duff and 
Houston 7 ; it is 

PjP* - 2p„u m /(p,cr + p n U n ) (3-7} 

where p is the initial density, U the shock wave 
velocity, and the subscripts m and x refer to 
metal and explosive, respectively. 

The in the adjacent plate is usually 

dute;ru& A ' v y measuring particle velocity, free 
surface verity, or stress transmitted to a, 
second material. Techniques for generation of 


pressure pulses and measurement of pressure in 
the second material are discussed in the next 
three subparagraphs, 

6-3.1. 1 Pl«w Wavs Exploit"*, Systems 

A prerequisite for measurements of pressure in 
plates is a imeans to obtain a -;-?xy flat (planer) 
detonation wave front Since the wave is 
initiated in a small area by a ^ 'pnator cap, it 
starts out as a spreading spherical front. The 
problem is, therefore, to mike an explosive 
“lets” that will convert the diverging wavefront 
to a plane. This development ce - v abou t at the 
Los Aiamos Scientific Laboratory shortly after 
World War II. The “plane wave lens” has become 
indispensiblc for studying strong shock waves, 
The Los Alamos experiments customarily 
employ an 8*in.-diimeter lens to initiate 
detonation in a precisely machined block of 
explosive. Experimental observations are 
confined to the central portion of the charge to 
avoid edge effects (rarefactions due to lateral 
expansion). Fig. 5-7(A) shows the charge 
geometry. 

Fig. 5-7(B) shows the contour (pressure vs 
distance) of the detonation wave in the 
explosive charge before it reaches the 
explosive-metal interface. The wi a front is a 
shock, and this is followed by a very rapid 
pressure decay in the narrow region where 
chemical reaction takes place. This portion is 
called the “von Neumann spike”. Following the 
steep decay, a much more gradual pressure drop 
occurs in the rarefaction that proceeds from the 
detonating end of the charge. This portion is 
called the “Taylor wave”. The Chapman-Jouguet 
point (C-J point) is at the juncture of these two 
portions, i.e., at the termination of the “von 
Neumann spike”. At this point chemical 
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reaction is virtually complete. The C-J 
conditions determine the detonation velocity as 
well as other important parameters of the 
explosive. This subject is discussed in Chapter 6. 
The von Neumann region and the Taylor wave 
are described in Chapter 8 which deals with the 
structure in the detonation. 

Fig. 5-7(C) shows the shape of the shock wave 
at a late;: time, after it has crossed the 
cxplosive/metei interface. Since most metals 
have a nigher acoustic impedance than 
explosives (i v 6., pU higher for the metal than for 
the explosive), a shock wave rather than a 
rarefaction, is reflected back from the metal 
surface inm the detonation product gases in the 
explosive. This reflection occurs at the instant 
the ; shock wave meets the interface and, since 
pressure must always be equal on both sides of 
the interface, the transmitted shock advancing 
into the metal has at that moment the same 
pressure as the reflected shock in the explosive. 
However, as the two shock fronts advance 
traveling in opposite directions away from the 
interface, the pressures change. The reflected 
shock changes because the wave is traveling back 
into a more rarefied region behind the 
detonation front The transmitted shock changes 
because the front is constantly attenuated by 
the rarefaction behind it. The steep von 
Neumann spike region rapidly disappears in the 
metal since there is now no reaction process to 
feed energy to the shock front. Duff and 
Houston, found that the spike vanished at a 
point about 1 mm from the interface of an 
aluminum plate in contact with Composition B. 
Fig. 5-7(C) shows the configuration, after the 
spike has disappeared in the transmitter wave. 

The wealth of information harvested from 
experiments involving measurements in adjacent 
plates is illustrated by data for water, Plexiglas, 
and aluminum shown in Fig. 5-8. These data 
were taken from Ref. 10. Such curves are known 
as Hugoniot curves (see par. 2-8) and reflect the 
compressibility of the material under dynamic 
conditions in a shock wave. The data of 
Professor Bridgman for Plexiglas 1 1 are also 
plotted in Fig. 5-8; these are isothermal points 
obtained in static experiments, They lie 
somewhat below the Hugoniot curve, as would 
be expected, but their position is consistent with 
the dynamic measurements. Comparison of the 
pressure range covered by dynamic 


measurements with that explored by Briagman 
demonstrates the power of these new 
techniques. 

At the present time the equation of state in 
the hundreds y kilobar range is known for 
about thirty me^ as well as for many other 
materials. Recent measurements have yielded 
data in the megabar region for a; number of 
materials 39 . With this information now 
available, and with certain simplifying 
assumptions, only the free-surface velocity is 
needed to determine pressure in a given 
experiment since the shock wave velocity can be 
calculated from the particle velocity by use of 
the equation of state. 

5-3.1. 2 Pr«wr« Trinsductr* 

Recent work at several laboratories has 
resulted in the development of several devices 
for the measurement of pressure. These are the 
piezoelectric “quartz gage" 12 ' 16 and a 
piezoresistive “manganih gage” 16 ’ 18 both of 
which are now being extensively applied to 
study the response of solids to shock waves. The 
manganingage has also been employed in 
underground nuclear test programs as an 
“in-material” gage, measuring the stress history 
of earth media close to a nuclear event. 

The quartz gage is well suited to tire 
measurement of interface stress pulses up to 
several tens of kbars and with durations jess than 
the transit time through the.gage, The high time 
resolution of the gage is a consequence of tho 
fact that the output signal from the gage is 
proportional to the instantaneous pressure 
difference across its faces. Hence, the gage need 
not come into mechanical equilibrium with its 
surroundings before a valid measurement of 
interface stress can be made. Fig. 5-9 shows a 
quartz gage in place on a block of metal, the rear 
face of which has been subjected to an impulse 
from an exphsive plane wave generator. This 
impulse creates a shock wave propagating from 
left to right in the specimen. As the stress wave 
enters the x-cut quartz disk comprising the gage, 
a polarization vector P is produced by the 
relative displacement of the S,'* + ions and the 
Q 2 ’ ions in the quartz structure. Kervge, the 
electric displacement vector U * K+ in the 
ervstei vi ~ «nth. time, and for external short 
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Figure 5-7. Plane-wave Generator (A), and Shock Wave Before (B) and 
After (C) It Impinges on the Metal Plate 
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Figure $-8, Compressibility of Various Materials Under Shock Wave Conditions 
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circuit conditions it is shown in Ref. 14 that one 
has 


,(t) = A (d<") ■ nr I<T » ■ °« 1 (5-8) 

where i(t) denotes the short circuit current, A 
die area of Hie crystal, f a piezoelectric constant, 
U the shock velocity in the quartz, j 2 the len' Ch 
of the crystal, and d Q and cr t represent -the 
jcrcomponen ts of stress at the stressed electr xte 
and the rear 'face of the quartz crystal, 
respectively. Eq. >8 is derived with the aid of 
several assumptions, the details of which are 
given in Ref. 14. Has equation provides a means 
of measuring v tne tijpe dependence of ajt) by 
monitoring i(t). Experimentally, it is found that 
Eq. 5-8 can be used for peak stress amplitudes of 
a few tens of kbars. The short-circuit current if 
is monitored by photographing, with the aid of 
an oscilloscope,, the incremental time-dependent 

ltage V(t) * Ri(t) developed across a small 
Assistance R. We shall not describe 1 here the 
procedures necessary to ensure that the observed 
voltage transient V (t) is accurately proportional 
to the stress difference across the crystal, 
' ) referring the reader instead to Refs. 13 through 

15 for details of experimental technique and 
gage construction. 

The piezoresistive manganin gage utilizes the 
change in resistance resulting from a change in 
resistivity and volume under compression as a 
measure of the applied stress. A common form 


of the gage consists of a fine wire embedded a 
small distance into a block of nonconducting 
material, usually aplastic. The block is, placed in 
contact with the specimen such that the wire is 
near the interface. The response of the wire is a 
measure of the ^-component of interface stress. 
The manganin gage has been used tq much) 
higher pressure than the quartz gage (several 
hundred father than s- few tens of kilobars). 
Also, recording trmes available with the 
manganin gage can be quite long: of the order of 
10 nsec. In addition, the manga.rin gapecan be 
embedded in a thin wafer withm solids v<at ^re 
to be shock loaded, providing ah In-^-ierial 
measurement ol the ^-component rather than a 
rear-surface measurement as do>s the quartz 
gage. Measurement uncertcintira arising from 
impedance mismatch are thereby minimized. 

Hie principle of operation of the piezoresistive 
transducer is simple. Hie application of pressure 
changes the resistivity and volume of a gage 
wire, the resistance of which is mopitored by 
measuring the voltage developed across the gage 
when a steady current flows in it. In practice, 
use is made of a pulsed gage current to obtain 
substantial output voltage. Pulsed current*, 
minimize heating of the gage wire unduly. Fig. 
5-10 shows the configuration of a particular gage 
used in laboratory pressure measurements 11 . 
The cunrent leads of the four-terminal resistor 
are marl ed I while the voltage leads are marked 
V. A flat-topped constant current pulse of about 
3 a perk amplitude is turned on approximately 2 
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Figure 5-9. Configuration for the Measurement of Interface Stress Using a Quartz Pressure 
Transducer 


5*13 


u* 


AMCP 706-100 


Msec before the shock wave arrives at the gage 
wire. By Ohm’3 law, the change in gage wire 
resistance is directly proportional to the 
amplitude of the incremental voltage developed 
across it, and since the resistance change is in 
turn proportional to the pressure, the manganin 
gage provides a simple way of measuring 
dynamic pressures. The gage factor, i.e., the 
constant k in the equation JR(P) * kP where R 
denotes resistance and ' stands for pressure, is 
determined by calculating pressure from a 
measurement of free-surface velocity U ft and 
the shock velocity U of a shocked material in 
which the gage is embedded and then by 
applying the Hugoniot jump conditions 
discussed in par. 6-3 to determine the pressure 
associated with the shock wave: Simultaneously, 
the voltage transient V(t) is measured across the 
gage. By repeating this experiment several times, 
one can obtain a set of poir f ra calibration 
cum relating P and R(P). T> }tipn appears 
to be accurately linear to abw ~ kbar. The 
value oi h is on the ox. ,6{ 0.0029 
ohm/ohm/kbar and varies the alloy 

composition 1 *. 


A pressure transducer utilizing a rotational 
polarization effect caused by the passage of a 
shock wave through dielectric materials 
consisting of polar molecules has also been 
developed 18 '* 1 , although it appears to have 
been less frequently applied in shock physics 
experiments than either the manganin gage or 
the quartz gage. The principle of operation of 
this polarization gage is qualitatively similar to 
that O- the quartz gage. The advancing shock 
wave aligns permanent dipoles present in polar 
dielectrics so as to cause a polarization vector to 
appear in these materials. This Effect causes the 
plane parallel capacitor consisting of the 
dielectric and two metalhc electrodes to become 
charged. The current from this capacitor is 
monitored by measuring the voltage drop across 
a small resistor in an external circuit Such a 
transducer has a fast response and is, therefore, 
well suited to the study of details of shock wave 
structure. The available recording time is 
typically 2 to 3 Msec. Fig. 5-li illustrates the 
kind of record obtained. The polarization 
transducer appears to be less convenient to use 
than either the manganin gage or the quartz:gage 
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Figure 5-JfO. Configuration of Mangonin-epoxy Pressure Trafieducer 
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since a threshold pressure of about 30 kbars 
exists, below which no output signal is obtained, 
and since the pressure versus output current 
relations are nonlinear in ways specific to the 
particular dielectric materials used. 

One other pressure transducer will be 
mentioned here, i.e., the '‘sulfur gage” described 
in Ref. 21. Sulfur exhibits a large decrease of 
electrical resistance when it is subjected to 
pressures in the detonation range, changing from 
an excellent insulator a 1 bar to a good 
conductor at 200 kbar. This property has been 
exploited in a transducer to measure pressures in 
shock waves 21 * 22 . The response of the suit*'* 
gage is nonlinear; also unlike manganin, the plot 
of resistivity versus pressure for sulfur exhibits 
marked curvature. In addition, above 200 kbar 
the rr'stivity of sulfur is so low that its 
measuw.hent is inconvenient. For these reasons, 
comparatively little work has been published in 
which the sulfur gage has been used to monitor 
pressure wave profiles. 

5-3, 1.3 Psrticl# Vtiocity Maawramant 

Various means have been employed to 
measure shock and free -surf ace velocities in the 
metal plate 23 . The earliest work employed a 
pin technique. Pointed metal pins were spaced at 
graded distances from the free surface. When the 
surface was impelled forward by the impacting 
shock front, it made contact with each of the 
pins in turn. The pins were wired to separate 
pulse-forming circuits, and the pulses produced 



A Shock front »ni«» ditltctric 
B Shock front »crivt« at wcood •Itctrode 


Figure 5-11. Form of Polarization Signal from 
Polarization Gage 


on contact were displayed on a high-speed 
oscilliscope sweep. In this way the free surface 
velocity was measured. To determine shock 
velocity, small wells were drilled at various 
depths in the surface of the plate and' in each 
well a pin was placed almost in contact with the 
bottom surface. Thus, as the shock wave arrived 
at each of these points (before reaching the main 
free surface) it caused a contact to be made 
almost instantly. In this way the shock ws.e 
velocity was measured inside the jmetel pUte 
within a short distance of the free surface. What- 
is desired is an instantaneous reading of shock 
velocity at the surface. Since the shock is 
constantly attenuating (a typical rate of 
attenuation 0 5 in. from the explosive/motal 
interface is 10 percent per in.), it is necessary) tr» 
have velocity measurements within a few tenths 
of a millimeter of the surface. The technique, 
therefore, requires the utmost precision in 
machining the test specimens. Nonplanarity in 
the detonation front can also lead to serious 
errors. Work in this field, therefore, represents 
the culmination of patient effort in a lost 
demanding endeavor. 

Another means to measure shock and 
free-surface velocities is the “Incite wedge” 
technique 5 illustrated in Fig. 5-1 2(A). A 
flat-bottom groove is milled in the form of a 
ramp, making an angie of 10° with the metal 
surface. One end of a Lucite rod of rectangular 
cross section is placed in theuamp and me: other 
end extending about an equal distance beyond, 
forming a wedge-shaped space between the rod 
and the metal surface. The Lucite rod does not 
rest directly on the metal surface in the ramp 
but is shimmed up so that there is a narrow gap 
between. Likewise, a thin metal sheet is placed 
over the under surface of the overhanging 
portion of Lucite and separated by shims so as 
to form a narrow gap at the surface of this 
portion of the rod. The gap under the Lucite rod 
is filled with argon. When the argon is suddenly 
compressed because of the movement of metal 
beneath, it flashes brightly. A streak camera is 
set up with the slit parallel to the long axis of 
the Lucite rod; a photograph like that shown in 
Fig. 5-1 2(B) is obtained. This yields the shock 
velocity and the free surface velocity on the 
same photograph. In later work it was found 
that a coating of paint filled with 
“microballoons” (very tiny, hollow plastic 
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Figure 5-12. “Wedge" Technique for Measuring 
Free-surface Velocity and Shock 
Velocity 


the laser interferometer, techniques 25 . With the 
interferometer, the movement 'f a reflecting 
surface can be monitored as a . notion of time. 
The surface can be a free surface or in 
transparent materials a reflecting plane within or 
between two specimens. The Faraday foil 
technique provides a measurement of particle 
velocity in nonconductors. These two 
techniques are described here briefly, Liore 
detailed information can be found in the 
references. 

The laser interferometer is shown 
schematically in Fig. 5-13. The parameter 
measured is the free surface velocity of the 
specimen material. The principle of operation is 
as follows. Light from ti e single frequency gas 
laser is focused on Lie surface of the target by 
means of a lens Jl. The reflected light is 
recollimated; by L 1, and then split by a beam 
splitter Bl. Half the light traverses the delay leg 
and is recombined with the undelayed half at 
beam splitter B2. The photomultiplier then 
records a signal whose brightness depends on the 
relative phases of the two beams. Since the delay 
leg is fixed and the wavelength of the input light 
is. a function of free surface velocity (Doppler 
shift), the number of fringes recorded at the 
photomultiplier is related to the free surface 
velocity. The relation ship can be derived as 
follows 25 . The Doppler shift is given by 



where X is the wavelength, c the speed of light, 
and u(t) is the speed of the reflecting surface at 
ime t The delay leg length NX is 

NX = cr (5-10) 


spheres) could be substituted for the argon-filled 
gap with equal effect. 

A third method for measuring velocities 
employs Lucite and argon gaps in a similar way 
biit does not use the wedge. Instead, the 
free-surface velocity , ; s measured across a fixed 
gap between a Lucite block and the metal 
surface; Shock velocities are measured by 
attaching small metal blocks of various 
thicknesses to the surface of the main plate and 
recording the transit time of the shock wave in 
each by the argon-gap method. 

The most recent advances in the measurement 
-of particle velocity a*e the Faraday foil 24 and 


where r is the time fur light to traverse the delay 
leg. Differentiating Eq. 5-10 gives 



and substituting for AX in Eq. 5-9 from Eq. 5-11 
gives A\ 

u[t) - f — j m(t) (542) 

The number of fringes AN as a function of 
time are thus related to the reflecting surfaces 
velocity by a constant X/(2r). 
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The major, advantages of the laser 
interferometer over previous free surface 
systems are the high time resplution and the 
high surface velocity capability. The limitations 
in rise time am limited by the capability of the 
photomultiplier or oscilloscope recording 
system. The bandwidth of each system is 
typically 600 MHz or a response time of « 1 
nsec. 

The Faraday foil technique utilizes, the voltage 
generated between ends of a conductor moving 
in a stationary magnetic field as a measure of 
foil velocity. Experimentally , a metal foil, small 
in the direction of shock propagation is placed 


in or between sections of a sample. The sample 
is placed in a uniform, magnetic field and, as the 
sample is accelerated by the passage of a styess 
wave, the foil moves with the sample. The 
voltage induced across the foil is monitored as a 
function of time on an oscilloscope. 

The relation between the voltage induced and 
particle velocity is 

*4 -+■ A 

V- '«• (u X H/10 J (5.13) 

where J is the length of conductor in 
millimeters, « is particle velocity in millimeters 
per microsecond, His the fields strength in gauas. 
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Figure 5-13. Laser Interferomeier System (The velocity of the reflecting surface is 
related to the Humber of fringes observed by the pkotomuitlplifr.) 
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and V is the voltage in volts. The accuracy of 
measurement is limited by the ability to measure 
6 and the effective length $ of the conductor, 
and by a knowledge of the magnetic 
susceptibility/ change of the sample during shock 
loading. 

Advantages of the Faraday foil tecLoiqu& are 
(1) high time resolution, (2) simplicity, and (3) 
most important, the capability of measurement 
within, a test spec; . en. Disadvantages are the 
difficulty in calibration of the system and the 
restriction to measurement in a nonconductor. 

>3.2 X-RAY FLASH PHOTOGRAPHY 

The use of X-ray holds great promise for the 
study of explosives but until quite recently 
X-ray sources have been inadequate to exploit 
the technique fully. 

X-ray absorption furnishes an absolute 
measure of the density of matter. However, in 
many applications the important observations to 
be made with X-rays concern the geometrical 
relationships of shock fronts and contact 
surfaces; it is in this area where X-rays, because 
they make it possible to “see inside” the 
detonating explosive, provide a uniquely 
appropriate tool. Until now the difficulty has 
been the inability of available sources to 
penetrate charges more than a few inches in 
diameter. This has been a serious limitation. The 
advent of PHERMEX 28 will greatly reduce this 
problem, 

The major published work with flash X-rays 
has been done by Schall 27 at ’Weil am Rhine 
(Institute de Saint Louis in France). In Ref. 27 
Schall lists three determinations of detonation 
pressure based on flash X-ray photographs. One 
method involves the acceleration f a brass plate 
in contact with explosive. By measuring the 
curvature of the plate in the vicinity of the wave 
front, Schall estimated the pressure in 
Composition B to be 1.6 X IQ 5 atm. This figure 
must underestimate the pressure at the front 
because it is obtained from an average value of 
the acceleration during the expansion of the 
explosive gas against the plate. Accordingly, the 
figure is not the instataneous initial value that 
relates to p x , 

Another pressure estimate reported Ly Schall 
was derived from an X-ray phofcograpj { showing 
the boundary of the expanding gas from an 

5-16 


unconfined charge. Schall used the following 
approximate theoretical expression, ascribed to 
W. D dering and G, Burkhardt 23 , which relates 
the angle a that this boundr makes with the 
charge axis and the eff' et^/e adiabatic exponent 
of the product gases fc: 

(5-14) 


if Ell) 

2 Vc - 1/ 


From the observed jpigie of 40 a , k was 
calculated using Eq. 544. The value found was 
2.8. The theory of detonation (Chapter 6) shows 
that the particle velocity is equal to D/(k + 
1); hence, from Eq. 5-1 

P x = P Q D 2 l(K + 1) (545) 

Substituting the value for K in Eq. 541, Schall 
obtained a value of 2.5 X 10 8 atm for the 
detonation pressure in Composition B. 

It may be noted that the value of k obtained 
by Schall from this simple measurement agrees 
very well with the value of 2 77 obtained from 
the isentiope; as determined by Den). Also, the 
factor 1 /(fc + 1), which on the bj$is of Sehali’s 
work has a value of 0.26, agrees with the 
number obtained independently from the 
theoretical expression of Jones in Eq. 5-5. Wo 
have previously pointed to the agreement 
between pressures obtained froth Jones’ 
expression and the measured data (Table 54). 
Taken all together, these observations form a 
highly consistent picture. 

By comparing the optical density in the X-ray 
photograph immediately behind the wave with 
that in front, Schall was able to estimate the 
ratio Pi/p 0 , and hence to calculate the pressure, 
using Eq. 5-4 to find u x in terms of D, In this 
way he obtained u value of 1.9 X 10^ atm for 
the detonation pressure in Composition B. This 
value is about 30 percent too low. The error is 
probably indicative of the limitations of the 
equipment in precise quantitative measurements 
of this kind. 

An additional method of measuring 
detonation pressures involves flash X-rays to 
measure wave velocities in adjacent plates. 
Perpendicular incidence of a detonation at an 
interface can have one of several effects, 
depending on the impedance match between the 
explosive and the particular inert medium in 
contact. For dense metals, such as steel or lead, 
perpendicular incidence always results in a 
reflected shock. However, if the direction of 
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waye propagation is parallel to the surface of the 
metal or at a small Jingle, a rarefaction is 
produced in the explosive by the interaction. As 
the angle of incidence is increased, a point is 
reached where neither a rarefaction nor a shock 
is reflected, i.e., a “match” is obtained. This 
condition can be detected in flash X-ray 
photographs. Dr. Jane Dewey 30 of Ballistic 
Research Laboratories showed that when this 
condition of no reflection occurs, the 
detonation pressure can be calculated from a 
relationship involving the angle of incidence a 
and the angle f> by which the surface of the 
metal is depressed at the edge of the advancing 
detonation front. The relation is 

A ftp* P 2 sin 6 (5-16) 

1 cos d sin (a + 5) 

Observation of the precise angle for zero 
reflection proved to be difficult buv Ihe pressure 
values obtained independently in this manner 
confirm the validity of figures derived by other 
methods. 

Work done with X-rays up to the present time 
thus corroborates very well the data obtained 
from other more precise but less direct types of 
measurements of the properties in the 
detonation wave. With the hew commercially 
available high energy machines, much greater 
precision in data of this sort should be possible. 
More importantly, we should be able to learn a 
great des* more about three-dimensional effects 
in the detonation wave (e.g., the effect of the 
charge boundary) than is known at present. 

5-4 BLAST WAVE PRESSURE 

Precise measurements of shock wave pressures 
in air or under water are usually made by means 
of piezoelectric transducers. The favorite 
piezoelectric material is tourmaline but quartz 
has also been used. A good description of 
piezoelectric blast gages and how t.hey are used 
is given in Ref. 31. 

Measurement of pressure fa air blast waves 
poses a special problem because of the large 
particle velocity or “wind” assc dated with the 
shock. The presence of the gage itself disturbs 
the flow in the medium and this can lead to 
serious errors unless special precautions are 
taken in the construction and mounting of the 
transducer. There are two well-defined ways to 


measure the pressure in the blast wave, usually 
referred to as “side-on” and “face-on.” The first 
term applies to a measurement of the pressure 
sensed on the face of z transducer when it is 
oriented along the direction of travel of the 
shock wave, i.e., in a direction perpendicular to 
the shock front. Ideally, the gage should be 
mounted in an infinite baffle, or wall, which is 
aligned along a radius from the explosive charge. 
If the charge were fired on the ground, a side^on 
measurement could be made by mounting the 
gage flush with the ground surface. For side-on 
measurements in free air, the piezoelectric 
element must be mounted in a baffle of 
sufficient size and suitably shaped at the leading 
edge to minimize the distortion of the pressure 
field produced by the blast wave around the 
gage. Construction of * gage designed for this 
purpose at the Ballistic Research Laboratories. is 
shown in Fig. 5*1,4. 

Face-on measurement refers cb -the recording 
of pressure behind the reflected shock produced 
when the air blast wave strikes a massive wall at 
normal incidence. Since the air is brought to rest 
by the reflection, no problem of aerodynamic 
distortion arises here. A serious source of 
spurious signals in this case, however, is 
mechanical vibration of the wall or components 
of the mounting fixture. Special precautions 
must be taken to eliminate these undesirable 
effects. The peak overpressure of a face-on 
measurement is twice that of a side-on 
measurement at very lew pressure levels 
(acoustic approximation) and increases to 
several times the side-on pressure, at higher 
pressures, 

For the shock waves produced in\air by high 
explosives, the most important parameters are 
the peak pressure and positive impulse fpdt, 
Upder water, the energy quantity obtained by 
evaluating the integral fp 2 dt under the 
pressure-time curve is also important for some 
considerations. A pressure and flow 
phenomenon known as the “bubble pulse”, 
which follows at some distance behind the shock 
front, is also important m underwater effects. 
Some characteristics of shock waves in air and 
water are discussed in Chapter 1$, 

Various mechanical devices have been used to 
record shock wave effects both in air and 
underwater. The best known of there is the 
diaphragm or “Bikini” gage, the latter name 
deriving from the use of this device at the first 
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nuclear bomb test? at Bikini Island after World 
War II. This gage consists of a sheet of aluminum 
foil clamped between two steel plates which 
have circular openings of various diameters. 
Several of these gages are placed face-on to the 
blast at various distances from the change. After 
the charge is fired, the gages are inspected to 
determine the smallest-diameter hole in which 
the aluminum foil is broken in each case. This is 
a measure of the peak blast overpressure. These 
gages can be calibrated with known charges by 
means of the peak-pressure vs distance curves 
that have been compiled from piezoelectric data. 
If a sufficient number of diaphragm gages is used 
on a test so that significant statistical averages 
can be taken, these devices produce quite 
reliable information . 

A mechanical gage for measuring blast impulse 
close to explosive charges is described in Ref. 
32. This gage consists simply of a projectile in a 
cylindrical barrel which is mounted in the wall 
of a heavy concrete enclosure strong enough to 
withstand the blast. The projectile is placed on 
the mouth of the tube where it is exposed to the 
incident blast wave. It acquires a velocity 
proportional to the positive impulse in the, wave. 
This gage appears to give quite accurate absolute 
measurements in a gion where delicate 
piezoelectric instnn .on is not entirely 
practical: 

Dewey 33 , at the Shu f field Experimental 
Station in Alberta, Canada, has developed a 
technique to measure the air velocity associated 
with tiie blast wave. The method involves 
measuring the displacement of smoke trails in 
motion picture photographs. It is applicable 
especially to large changes of chemical explosives 
and to nuclear explosions. Good agreement with 
theoretical predictions has been obtained, 
except for oxygen-poor explosives like TNT. In 
the case of the latter, the detonation products 
continue to bum in the oxygen of the air. The 
relatively slow release of energy from this source 
causes an outward flow of air which contributes 
to the pressure and particle velocity in the “tail” 
of the blast wave, However,, even for TNT, the 
particle velocity data at short distances behind 
the shock front are in good agreement with 
theory. 

5-5 DETONATION TEMPERATURE 

The agreement of various values of detonation 
pressure reviewed in this chapter may convey 


the impression that our knowledge of the 
detonation state is quite secure. Actually this is 
far from true. Except for Eq. 5-5, which is based 
on a theoretical deduction of Jones, the 
consistency of various estimates of pressure is 
merely testimony to the accuracy of 
experimental oteartaitotfe. The concepts from 
which these various means to measure pressure 
are derived ate the continuity equation 
(conservation of matter) and the equation of 
motion (Newton’s second law). The energy 
relation is not involved. Hence, experimental 
observations of pressure tell nothing about the 
thermal properties of the explosion products. 
This is obviously a matter of considerable 
interest, yet, strange to say, it has received 
relatively little attention from workers in this 
field. The teas , ous are not apparent because 
measurement of temperature would.not seem to 
be fraught with unusual difficulties 'compared 
with other experimental determinations on 
explosives. 

A method to measure detonation temperature 
and some experimental results are described by 
Gibson and hi? coworkers in Ref. 34. The 
temperature determination depends on 
measurement of the relative intensity of light at 
two different wavelengths and is based on the 
Wien displacement law (or Planck’s distribution 
law). There are several assumptions implicit in 
this method: (1) that the emjssivity of the 
medium at the two wavelengths is the same; this 
assumption is not likely to lead to serious errors, 
and (2) that the contribution to the measured 
light levels by the cooled expansion products is 
small. The apparatus was calibrated by standard 
methods, using a source of known temperature. 
Narrow bands of radiation at various 
wavelengths were obtained with a grating 
spectrograph. Several cross-checks were made in 
the determinations. 

A summary of the temperature results for 
various explosives is given in Table 5-2. The 
authors varied the density of the explosives 
through a considerable range with the hope of 
answering the rather crucial question: whether 
the temperature increases or decreases when 
density is raised. They interpreted their results 
to show one trend in some cases and the other in 
other cases. However, the scatter is rather large 
and, if the few data for explosives with initial 
density below about 1.20 g/cin 3 are left out 
one is forced to conclude that these 
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measurements demonstrate no statistically 
significant trend one way or another. Therefore, 
in Table 5-2 the values in the density range 1.20 
to 1.60 g/cm 3 for each explosive have been 
averaged. The figures in the table have probably 
have an experimental standard error of about 
i00° to 200° K. 

The results in Table 5-2 are not consistent 
with theoretical values corresponding to any one 
of the several equations of state that have been 
suggested' to describe the behavior of detonation 
products. The equation of state is an important 
part of the theoretical treatment of high 
explosives; and Chapter 7 is largely devoted to 
this subject. Hone divides the equations of state 
that have been proposed into those w»iich (1) 
postulate that little .or none of the internal 
energy in the detonation products is due to 
intermolecular repulsive forces and (2) those 
which postulate that a relatively large fraction of 
the energy is in this form, these results generally 
favor the former. Indeed the measured 
temperatures in Table 5-2 for PETN, RDX, and 
EDNA are comparable with the highest values to 
result from any of the state equations that has 
been proposed. 

A serious problem in experimental 
measurement of detonation temperature is due 
to the, very high temperature produced jn gases 
either on the inside or on the outside and in the 
vicinity of the explosive charge. Unless great 
precautions are taken, it is quite possible that 
radiation from shock-heated gases will be 
mistaken for radiation from the detonation 
products themselves. Since the luminosity 
depends on the fourth power of temperature, a 
relatively small quantity of gas at a very high 
temperature can contribute a very large amount 
of radiation. This effect was discovered by 


Gibson 34 who found that replacing the air 
occluded in the explosive charge with 
propane— propane having a much lower ratio of 
specific heats— led to much lower apparent 
temperatures, especially in charges of low bulk 
density. The authors reported, however, that 
these gas effects were essentially eliminated 
when the charges were “impregnated” with 
propane. 

It may be significant that the temperature 
reported for nitroglycerin in Table 5-2 is 
considerably lower than would be expected in 
comparison with that for the other highly 
energetic explosives PETN and RDX.. No-matter 
which equation of state is chosen* the calculated 
detonation temperature of nitroglycerin is 
among the highest for any explosive, and yet it 
is far down on the scale in Table 5-2. This may 
be indicative that occluded gas effects, which are 
certainly hot serious in liquid explosives like 
nitroglycerin, were not entirely eliminated in 
spite of the pains taken by the authors of Ref. 
34 in this regard. 

In concluding this review of detonation 
temperature, one is compelled to say that no 
completely satisfactory solution has been 
forthcoming up to tnis time. Workers in the field 
of detonation physics have in this area a 
challenging problem for the future. 

5-6 ELECTRICAL CONDUCTIVITY IN THE 
DETONAf ION ZONE 

Considerable interest in recent years has 
centered on the study of electrical conductivity 
in the detonation zone of high explosives. In 
some explosives the conductivity is relatively 
large, and there has been considerable 
speculation about the source of this 
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TABLE 52 EXPERIMENTAL DETONATION TEMPERATURES 34 


;ploiive 

T,°K 

Explosive 

T,°K 

PETN 

5720 

Nitroglycerin 

4020 (high order) 
32p0 (low order) 

RDX 

5550 

Nitromethane 

3800 

EDNA 

5430 

Dynamite 


Tetryl 

5180 

(p 0 = 1.05 g/cm 3 ) 

2670 
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phenomenon. Here we shall only attempt to 
describe briefly the experimental methods and 
indicate the nature of some of the results. The 
reader may refer to the original works listed in 
the references cited in this paragraph for 
detailed interpretations. 

In principle, various methods that have been 
used to measure conductivity are similar, 
although they differ in experimental detail and 
rigor of treatment. By measurement of the 
current i conducted between two electrodes in 
contact with a detonating charge when a voltage 
V is impressed, the resistance R is determined 
according to Ohm’s law, i.e., R = V/i. At any 
given instant the electrodes make contact with a 
conducting zone of some given shape which may 
either be conjectured or experimentally mapped 
out in some way. If the conducting zone is 
considered to have uniform conductivity a 
throughout, the value of this quantity may be 
obtained from R through the use of a factor if, 
which may be called the effective “cell 
constant”; thus, a = K/R. The term “cell 
constant” derives from the more familiar 
problem of measuring the conductivity of an 
electrolyte solution in s “cell” or container into 
which the electrodes dip. The cell constant in 
this case is determined by tue size, shape, and 
separation of the electrodes; the size and shape 
of the cell; and the placement of the electrodes 
in the cell or, in a word, by the “geometry” of 
the measuring device. 

In Ref. 35 Jameson describes a method of 
placing electrical probes within the charge and 
by this means determining the shape of the zone 
having a high electrical conductivity. He finds 
that this is of a conical shape, the base of the 
cone being coincident with the detonation shock 
front and comprising the full cross section of the 
charge at this point. The conical surface 
presumably represents the front of the 
advancing rarefaction or “release” wave that 
spreads into the detonation zone from the free 
surface. Jameson made a “mock-up” of the 
conical conducting zone from graphite sheets of 
known electrical conductivity and in this way 
determined the cell constant for the particular 
electrode arrangement used in the explosive 
experiment. The implicit assumption here is that 
o is constant throughout the highly conducting 
zone mapped out by the probes. The value 
determined in this way for the resistivity of 


Composition B was 0.29 ohm-cm. Within an 
order of magnitude this agrees with values 
reported by other workers 3 6 . 

The method reported by Hayes 37 is 
considerably more elaborate. In the first place, 
Hayes extended the time resolution of his 
measurements about 1000-fold over other 
workers, employing nanosecond circuitry where 
others had used microsecond circuitry. And, 
instead of assuming that the conductivity 
throughout the detonation zone is constant, he 
has assumed that it varies as a function of time 
(or distance) behind the shock front, and has 
determined this runction-by an elaborate scheme 
using a high-speed digital computer to analyze 
the observed electrical wave form from the 
conductivity probe. Hayes discovered that the 
onset of conductivity begins immediately at the 
precursor shock front (see Chapter 8) and in some 
cases passes a peak within a few nanoseconds 
(which means, in terms of distance, only some 
several microns) behind the front. As between 
various explosives, the peak conductivity varies 
by orders of magnitude; also the variation of 
conductivity with time is decidedly different in 
various cases. Undoubtedly, this reflects wide 
differences in the reaction kinetics and in the 
physical and chemical nature of the reaction 
products. 

Fig. 5-15, reproduced from Ref. 37, shows the 
conductivity profile in the detonation zone for 
three explosives: nitromethane, Composition B, 
and liquid TNT. Here, conductivity is shown as 
a function of time. For purposes of orientation, 
time may be derived from distance at the rate of 
about 6 microns/nsec. Thus, the full scale on the 
abscissa of Fig. 5-15 corresponds to little more 
than 1 mm. The unite on the ordinate scale in 
Fig. 5-15 may be divided into 100 to obtain the 
resistivity in ohm-cm. Thus the lowest resistivity 
recorded for nitromethane is about 1 ohm-cm, 
for Comp. B about 0.1 ohm*cm, and for liquid 
TNT about 0.01 ohm-cm. The close agreement 
in the case of Comp. B with the value given by 
Jameson may be noted. 

The highest value of conductivity in 
detonating explosives that has been recorded 
thus far (liquid TNT, Ref. 37) compares with 
that for an intrinsic semiconductor like 
germanium. It is less by a factor of 10 than the 
conductivity of graphite. If considered as a 
gaseous plasma, the detonation zone in liquid 
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TNT has a rather high conductivity; but, if it is 
considered, as a condensed phase comparable 
with carbon black, for example, its conductivity 
is hot surprising. Hayes’ finding in Ref. 37 that 
the peak conductivity of various explosives 
shows a close correlation with the amount of 
solid carbon in the detonation products may, 
therefore, have a significant bearing on the 
nature of this phenomenon. 

5-7 EMPIRICAL TESTS 

In the early development of explosives, a 
number of empirical tests evolved to measure 


various “qualities” and “quantitiec” associated ' 
with the explosives. Among the qualities that 
different explosives possessed in varying degree 
was what came to be known by the French term 
“brisance” which was meant to reflect the 
shattering ability of an explore, as 
distinguished from the “power” or ability to do 
work in moving rock, etc. Thus, it was 
recognized that the work capability was an 
extensive property that depended on the 
quantity of explosive; and the term “power”, 
v.'hich in this connection is quite confusing to 
physicists, meant a “specific” property related 
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phenomenon. Here we shall only attempt to 
describe briefly the experimental methods and 
indicate the nature of some of the results. The 
reader may refer to the original works listed in 
the references cited in this paragraph for 
detailed interpretations. 

In principle, various methods that have been 
used to measure conductivity are similar, 
although they differ in experimental detail and 
rigor of treatment. By measurement of the 
current i conducted between two electrodes in 
contact with a detonating charge when a voltage 
V is impressed, the resistance R is determined 
according to Ohm’s law, i.e., R - V/i. At any 
given instant the electrodes make contact with a 
conducting zone of some given shape which may 
either be conjectured or experimentally, mapped 
out in some way. If the conducting zone is 
considered to have uniform conductivity or 
throughout, the value of this quantity may be 
obtained from R through the use of a factor K> 
which may be called the effective “cell 
constant”; thus, a = K/R. The term “cell 
constant” derives from the more familiar 
problem of measuring the conductivity of an 
electrolyte solution in a “cell” or container into 
which the electrodes dip. The cell constant in 
this case is determined by the size, shape, and 
separation of the electrodes; the size and shape 
of the cell; and the placement of the electrodes 
in the cell or, in a word, by the “geometry” of 
the measuring device. 

In Ref. 35 Jameson describes a method of 
placing electrical probes within the charge and 
by this means determining the shape of the zone 
having a high electrical conductivity. He finds 
that this is of a conical shape, the base of the 
cone being coincident with the detonation shock 
front and comprising the full cross section of the 
charge at this point. The conical surface 
presumably represents the front of the 
advancing rarefaction or “release” wave that 
spreads into the detonation zone from, the free 
surface. Jameson made a “mock-up” of the 
conical conducting zone from graphite sheets of 
known electrical conductivity and in this way 
determined the cell constant K for the particular 
electrode arrangement used in the explosive 
experiment. The implicit assumption here is that 
a is constant throughout the highly conducting 
zone mapped out by the probes. The value 
determined in this way for the resistivity of 


Composition B was 0.29 ohm-cm. Within an 
order of magnitude this agrees with values 
reported by other workers 3 6 . 

The method reported by Hayec 37 is 
considerably more elaborate. In the first place, 
Hayes extended the time resolution of his 
measurements about 1000-fold over other 
workers, employing nanosecond circuitry where 
others had used microsecond circuitry. And, 
instead of assuming that the conductivity 
throughout the detonation zone is constant, he 
has assumed that it varies as^a function of time 
(or distance) behind the shock front, and has 
determined this function by an elaborate scheme 
using a high-speed digital computer to analyze 
the observed electrical wave form from the 
conductivity probe. Hayes discovered that the 
onset of conductivity begins immediately at the 
precursor shock front (see Chapter 8) and in some 
cases passes a peak within a few nanoseconds 
(which means, in terms of distance, only some 
several microns) behind the front. As between 
various explosives, the peak conductivity varies 
by orders of magnitude; also the variation of 
conductivity with time decidedly different in 
various cases. Undoubtedly, this reflects wide 
differences in the reaction kinetics and in the 
physical and chemical nature of the reaction 
products. 

Fig. 5-15, reproduced from.Ref. 37, shows the 
conductivity profile in the detonation zone for 
three explosives: nitromethane, Composition B, 
and liquid TNT. Here, conductivity is shown as 
a function of time. For purposes of orientation, 
time may be derived from distance at the rate of 
about 6 microns/nsec. Thus, the full scale oh the 
pbscissa of Fig. 5-15 corresponds to little more 
than 1 mm. The units on the ordinate scale in 
Fig. 5-15 may be divided into 100 to obtain the 
resistivity in ohm-cm. Thus the lowest resistivity 
recorded for nitromethane is about 1 ohm-cm, 
for Comp. B about 0.1 ohm-cm, and for liquid 
TNT about 0.01 ohm-cm. The close agreement 
in the case of Comp. B with the value given by 
Jameson may be noted. 

The highest value of conductivity in 
detonrting explosives that has been recorded 
thus far (liquid TNT, Ref. 37) compares with 
that -for an intrinsic semiconductor like 
germanium. It is less by a factor of 10 than the 
conductivity of graphite. If considered as a 
gaseous plasma, the detonation zone in liquid 
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TNT has a rather high- conductivity; but, if it, is 
considered as a condensed .phase comparable 
with carbon black, for example, its conductivity 
is not surprising. Hayes’ finding in Ref. 37 that 
the peak conductivity of various explosives 
shows a close correlation with the amount of 
solid carbon in the detonation products may, 
therefore, have a significant bearing on the 
nature, of this phenomenon. 

5-7 EMPIRICAL TESTS 

In the early development of explosives, a 
number of empirical tests evolved to measure 


various “qualities” and “quantities” /associated 
with the explosives. Among the qualities that 
different explosives possessed in varying degree 
was what came to be known by the French term 
“britiance” which was meant to reflect the 
shattering ability of an explosive, as 
distinguished horn the “power” or ability to do 
work in moving rock, etc. Thus, it was 
recognized that the work capability was an 
extensive, property that depended on the 
quantity of explosive; and the term “power”, 
which in this connection is quite confusing to 
physicists, meant a “specific” property related 
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to the available work per unit weight. Brisance, 
on the other hand; is what one would call an 
intensive property, which does not depend on 
the quantity of explosive involved, provided, of 
course j it is properly detonated. 

Various tests were used that were supposed to 
measure either one or the other of the 
properties, brisance and power. A typical 
brisance test, for example, was the plate-dent 
test. An explosive cartridge of a certain diameter 
was placed on end Jn contact with a steel plate 
of given dimensions and then detonated from 
the opposite end. The depth of the dent was 
taken to be a measure of brisance. It was noted 
that the depth was sensibly independent of the 
length of the cartridge, provided it was not so 
short that initiation effects interfered. One 
recognizes that the test indication in this case, 
i.e., the depth of the dent, is probably closely 
related tc the detonation pressure which is 
independent of charge length when the 
detonation wave is fully developed. Other 
intrinsic properties like density may also be 
related to this phenomenon. 

Among the tests for power were the lead block 
test and the Ballistic Mortar test. These are 
described in Chapter 3. In this case the test 
indication— e.g,, the volume of the cavity in the 
block, or the swing of the mortar 
pendulum— were found to be approximately 
proportional to the quantity of explosive used in 
the test. 

Although empirical tests such as these have 
been largely superseded, except, in some cases, 
for the routine testing of commercial explosives, 
they raise an interesting question: In arriving at 
a relative figure of merit for the explosive, how 
is the test indication to be used? It was common 
practice to use the test indication itself— for 
example, the volume of the cavity in cubic 
centimeters for the lead block test, or the 
pendulum arc in degrees for the ballistic mortar 
test. Obviously , the procedure is arbitrary in any 
case. Nevertheless, one is inclined to say, on the 
basis of'a given test, that a certain explosive is so 
many percentage points better than another; 
however, such a statement may be quite 
misleading, especially if the test indication is a 
highly nonlinear function of the weight of the 
test charge. Under these circumstances, it is 
preferable to compare the explosive on the basis 
of “equivalent weights”, i.e., on the basis that it 


requires a certain percentage more of one 
explosive to give the same test indication as that 
given by another explosive. Indeed, if two 
different empirical tests (such as the lead block 
and the ballistic mortar; relate to the same basic 
extensive property in the explosive, then the 
relative equivalent weights for various explosives 
as registered in the twb tests will be the same. If 
such is the case, there is obviously some 
justification for using these test numbers to 
compare explosives. 

The following analysis of this problem is 
quoted/from Ref. 38. 

“Consider a test that yields. some measurable 
indication /, such as a length, a volume, etc. The 
quantity I may be a function of several 
properties of the explosive charge— such as heat 
of explosion, available work, detonation 
velocity, or detonation pressure. (In addition, of 
course, I is functionally dependent on various 
parameters of the test device; but, because the 
test is standardized, these parameters appear as 
constant factors in the functioned expression.) 
Heat and work are examples of what have been 
termed extensive properties; the quantity G 
representing such a property is proportional to 
the mass m of the explosive (i.e.i G = gm. 
Detonation velocity and pressure, on the other 
hand, are examples of intensive projperties, 
which are independent of the amount of 
explosive (aside from certain nonideal effects 
that are important for small amounts). 
Representing the intensive properties by the 
symbol g', we may write, in general, 

I = F(gm, g) (5-17) 

“In the case where I is a function of only a 
single extensive property or linear combination 
of such properties, we can write for two 


different explosives 1 and 2 
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CHAPTER 6 ELEMENTARY THEORY OF THE PLANE DETONATION WAVE 


6-1 INTRODUCTION 

The first theoretical description of detonation 
waves was given by Chapman in 1899 and 
independently by Jouguet more than a decade 
later. When considered in detail, reaction waves 
in substances capable of exothermic reaction are 
of very considerable complexity. The 
elementary theory, as formulated by Chapman 
and, Jouguet, is based on a highly ide; ’ized 
model. In spite of this fact, this simple theory 
reproduces the main features of the 
phenomenon with remarkable fidelity. The 
success of the simple theory has two important 
consequences: (1) it remains the principal 
computational tool for the evaluation of 
detonation wave properties, and (2) it provides 
the basis from which more detailed theoretical 
descriptions of particular phenomena are 
obtained by elaboration of the model. 

The classical theory of Chapman and Jouguet 
is concerned with the propagation of a 
detonation wave at a constant velocity in one 
dimension as, for example, in the direction of 
the axis of a cylindrical stick of explosive. The 
initiation process requires a separate discussion. 
Because of the continuing relevance of this 
theory to the description of detonation 
phenomena, this chapter is devoted to a detailed 
development of its consequences. 

6-2 THE RANKINE-HUGONIOT EQUATION 

In formulating a simple model to serve as the 
basis of the elementary thermo- 
dynamic-hydrodynamic theory of the 
detonation wave, it is assumed that the chemical 
reaction by means of which the explosive is 
transformed into its products takes place 
instantaneously so that there is a sharply defined 
reaction front-treated as a mathematical 
discontinuity-advancing into the unreacted 
explosive. The transition across such a front is 
then similar in many respects to the transition 
across a shock front. In particular, it must be 
subject to the general conservation laws that 
apply across any discontinuity. 


We consider a wave of chemical reaction 
propagating in one dimension in the direction of 
increasing values of the coordinate x, and we 
denote its velocity with respect, to the unreacted 
material by D. Employing the rtotation 
exemplified by Fig. 6-1, we fix the origin of the 
x-coordinate in the moving reaction) wave arid 
denote the velocity of unreacted material arid 
reaction products with respect to this origin and 
in the direction of increasing x by w o arid w , 
respectively. If u q and.u 1 are the corresponding 
velocities relative to a fixed coordinate system, 

w o = ~D; = u x - u o - D (6-1) 

the explosive is at pressure p 6 and density p 0 , 
and the reaction products are at pressure and 
density p v The variables characterizing the flow 
and those descriptive of the thermodynamic 
state are supposed to be uniform over any plane 
perpendicular to the x-axis. 

The conservation of mass and momentum 
across the discontinuity, comprising the reaction 
front, are expressed by the mechanical 
conservation conditions which in the present 
nomenclature can be written 

P„ W o " Pl W l = -Po D = m 

(6-2) 

Pi’ Pa* Pc U ’o - Pl W l = " U ’l> 

where m is the mass flux through the reaction 
wave. When the condition for the conservation 
of energy is combined with these mechanical 
conditions, we obtain, as in the treatment of a 
simple shock wave (par. 2-8), the 
Rankine-Hugoniot equation 

c, - c 0 = '/5(p, + P 0 ){v o - Uj) (6-3) 

which, for brevity, we shall refer to as the 
Hugoniot equation. Here, v = 1/p is the specific 
volume; e Q and are the specific energy 
functions for unreacted material and reaction 
products, respectively. If the products are 
assumed to be in thermodynamic equilibrium or 
if their concentrations are arbitrarily specified, 
then their thermodynamic state is specified and 
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«! - e(p v u,) (6-4) 

where e(p,v) is a known function of the state 
variables. The Hugoniot equation is thus a 
relation between thermodynamic quantities that 
determines the pressure as a function of the 
specific volume i/ x for specified initial pressure 
p 0 initial volume v Q , and for specified explosive 
for which q, at these initial conditions is fixeid. 
It describes all of the states (p v v x ) for given 
initial state fa ,ifc ) and given explosive that are 
compatible with the conservation conditions. 
These states will be said to ;jbe centered on (p 0 , 
u Q ). In terms of the specific enthalpy function 

h = e + pv (6*5) 

the Hugoniot equation can be written in the 
alternative form 

hj - h o = 'HjPt - p o )(i>j + »„) (6-6) 

The conservation conditions, Eqs. 6-2 and either 
Eq. 6-3 or Eq. 6-6 have the same form as for 
shock waves. However, ah essential difference 
arises from the fact that the specific energy and 
specific enthalpy functions of the reaction 
products are different from the specific energy 
or specific enthalpy of the unreacted material, 
respectively. In fact, the exothermal nature of 
the reaction process is expressed by the 
assumption that the energy and enthalpy of the 
products are less than the energy and enthalpy, 
respectively, of the unreacted material when the 
two quantities are compared at the same 
pressure and specific volume. This assumption is 
sufficient to assure the existence of reaction 
waves of finite propagation velocity in the 


one-dimensional, instantaneous reaction 
approximation that is employed in this chapter 
as a model. In particular, it requires that 

e(Pi .%)<«„ and h(p o ,vj<h o 
which are equivalent. 

The heat evolved during the decomposition of 
unit weight of explosive at constant temperature 
and pressure can be evaluated from standard 
thermochemical data. Denote this quantity by q 
and the initial temperature by To , then 

q =h o - h(p oi T o ) (6-8) 

It is conventional to define an exothermal 
reaction as one for which q, the 
thermochemical heat of reaction, is positive; 
explosives of practical importance are indeed 
characterized by q > 0. However, Eq. 6-7 
implies the requirement that 

« >*(P, o>« 0 ) - h (P 0 ,T 0 ) (6,9) 

the right-hand side of which is negative for real 
materials. Consequently, Eq. 6 •7 caix be: 3 atisfied 
and, in the present approximation, reaction 
waves can exist for materials whose heat of 
decomposition q is negative so long as Eq. 6-9 is 
satisfied. Eq. 6-7 is evidently satisfied by all 
explosives characterized, by the stronger 
condition, q > 0. 

Now, consider the point on the Hugoniot 
curve for whicn v x * tfc . This point corresponds 
to an hypothetical conversion of the explosive 
to its products at constant volume. Eq. 6-3 
reduces to 

e(P v u 0 ) = ( 6 - 10 ) 
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an implicit relation that can be solved for the 
pressure if the specific energy * .notion is 
known. This pressure, which we denote by p e 
and call the pressure for con -’■ant. volume 
explosion, is determined by the specific energy 
of 'the explosive and its initial density, a fact 
made explicit by the notation 

P t =P(e o ,v o ) ( 6 - 11 ) 

since we can regard the pressure as a function 
p(e t v) of the specific. energy and specific volume. 
Eq. 6-7, together with the basic assumption that 

@e/dp\> 0 

for real systems, shows thatp e >p 0 . Similarly, 
consider the point for which p 1 - p a . This point 
corresponds to a hypothetical reaction at 
constant pressure. Eq. 6-6 reduces to 

HP 0 ^) = h 0 ( 6 - 12 ) 

an implicit relation that can be solved for the 
specific volume it the specific enthalpy function 
is known. This quantity, which we denote by v c 
and call the specific volume for constant 
pressure combustion, is determined by the 
specific enthalpy of the intact material and by 
the initial pressure, a fact made explicit by the 
notation 

« c = 4\A) (6-13) 

since we can regard the specific volume as a 
function v(h,p) of the specific enthalpy and 
pressure. Eq. 6-7 together with the basic 
assumption th^t 

(9 h/bv) p > 0 

for real systems, leads to the conclusion that 
v c >v 0 . Thus, we have shown that the Hugoniot 
curve passes through the points (p ei v 0 ) with p e 
> p Q and (p ot v c ) with v c > v 0} instead of 
through the point ( p Q ,v 0 ) as in the case of the 
nonreactive shock v/ave. This characteristic of 
the Hugoniot curve for a reaction wave is a 
consequence of <he exothermal nature of the 
reaction. In par. 6-3, it is shown that the 
pressure p x satisfying the Hugoniot equation 
centered on given initial conditions increases 


with decreasing specific volume v x and thc'i the 
Hugoniot curve is concave upward in the 
(P,vh plane. 

The mechanical conservation conditions can: 
be combined to yield the relation 

-pV = (?!- pJIK- V (3-14) 

Eq. 6-14 describes a straight Iir ? e in the 
(p x iV x )-plane that is called the Rayleigh line. It 
is the chord connecting the point (p\,v x ): to -the> 
point (p o ,u o ). The propagation velocity V is 
evidently proportional to the square root. qf; the 
negative dope of the Rayleigh lh *y. Since the 
left-hand member of this expression cannot be 
positive, the pressure and specific vohime must 
increase or decrease in an opposite sense iii 
passing through the reaction wave. More 
explicitly, it is evident thati>x < t>- if p x 
>p c andpx <p Q if v x > Vc > v Q . Futhermore, 
points for which p e > p x > p Q and v Q < v $ < v? 
do not represent states with a real propagation 
velocity and are excluded because they have no 
physical meaning. Thus, the Hugoniot curve 
consists of two branches, as shown in fig: &2L 
The branch for which v x < v 0 is called the 
detonation branch; that for which j?, <p 0 is 
called the deflagration branch. From Eq. 6-l4. it 
is seen that the propagation velocity ii infinite 
for constant volume explosion, ~ u 0 ah&Pj * 
p c ,, implying instantaneous conversion of the 
explosive to its products. This state is tb be 
regarded a limiting one for reaction waves 
propagating at very high velocity. Whenpj ~p<, 
and u v = v e , the propagation velocity is zero. 
The constant pressure combustion stated* thus a 
limiting one for reaction waves propngatingw'ith 
a small velocity. 

Transitions on the deflagration branch of the 
Hugoniot curve are. seen to possess thequitfjtftiye 
properties ascribed to ordinary combustion 
waves. In fact the flame temperature is usually 
calculated on the assumption that it differs 
negligibly from the temperature of the consent 
pressure combustion state and it is customary, in 
the theory of flame propagation, to assume that 
the pressure drop through the combustion wave 
is negligible. The deflagration branch of the 
Hugoniot curve does not, however, provide £ 
useful description of combustion ’waves 
propagating with email velocity because ihe 
idealization of the wave as a discontinuous 
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Figure 6-2. Hugoniot Curve for Detonations and Deflagrations 


transition is too extreme to provide a useful 
model. The waves described by the detonation 
branch of the Hugoniot curve are compressive. 
Therefore* we expect that the detonation wave 
observed in an actual explosive will be described, 
in terms of the simple model employed here, by 
some point on the detonation branch of the 
Hugoniot curve. After an examination of the 
properties of the flows associated with each of 
these branches, it is possible to understand why 
the model affords a gcod description of 
detonation waves but not of combustion waves. 

The properties of the Hugoniot curve and of 
the flows associated with the final states 
determined by it are deduced in detail in 
par, 6*3. Here, we summarize the results of 
that analysis. For one final state represented by 
a point on the detonation branch and for one 
final state represented by a point on the 
deflagration branch, the Rayleigh line is tangent 


to the Hugoniot curve. These two states are 
called Chapman-Jouguet states. Points on the 
detonation branch of the Hugoniot curve for 
which the pressure is greater than that at the 
Chapman-Jouguet point are called strong 
detonations, and those for which the pressure is 
less than the Chapman-Jouguet pressure are 
called weak detonations. Points on tire 
deflagration branch are called weak or strong 
deflagrations, according to whether the pressure 
is greater than or less than, respectively, the 
pressure of the Chapman-Jouguet deflagration. 
A Rayleigh line with a slope somewhat less than 
that through *the Chapman-Jouguet 
detonation— i.e., corresponding to a greater value 
of intersects the detonation branch at two 
points, one a weak detonation and the other a 
strong detonation. Similarly, a Rayleigh line 
with a slope somewhat greater than that through 
the Chapman-Jouguet deflagration— i.e., 


AMCP 706-180 


corresponding to a smaller value of JD— intersects 
the deflagration branch at two points, one a 
weak deflagration and the other a strong 

deflagration. These definitions are shown on Fig. 
6-3. We note that, except for the 

Chapman-Jouguet state, there are two 

detonations, one weak and one strong, satisfying 
the conservation conditions and having the same 
propagation velocity. A similar stateme^ applies 
to the deflagration branch of the Jugoniot 
curve. There are no more than the two 

intersections of a given Rayleigh line with either 
branch of -the curve. 

The Chapman-Jouguet states on the Hugoniot 
curve have certain unique properties which are 
stated here and which are deduced the next 
paragraph. Among the various processes starting 


from the specified initial state, a 
Chapman-Jouguet detonation leads to a 
minimum value for the propagation velocity D t 
relative to the unreacted material, and a 
Chapman-Jouguet deflagration leads to a 
maximum value of this quantity. The entropy of 
the reaction products varies along the Hugoniot 
curve. The entropy also attains a stationary 
value at a Chapman-Jouguet point, a minimum 
for a detonation and a maximum for a 
deflagration. The Hugoniot curve is tangent at a 
Chapman-Jouguet point to the isen trope passing 
through that point. Since the Rayleigh line 
through a Chapman-Jouguet point is tangent to 
the Hugoniot curve, it is also tangern, to the. 
isentrope through the Chapman-Jouguet point at 
that point. Chapman in 1899 recognized that 
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the detonation velocity corresponding to a 
tangent Rayleigh line is a minimum. 

In the regions of strong detonations and weak 
deflagrations, the iseixtropes rise with increasing 
pressure more steeply than the Rayleigh line and 
less steeply than the Hugonoit curve. 
Conversely, in regions of weak detonations and 
strong deflagrations, the isentropes rise with 
increasing pressure less steeply than the Rayleigh 
line and more steeply than the Hugoniot curve. 
These relationships are indicated in Fig. 6-4. xt is 
seen that the isentrope through the intersection 
of a Rayleigh line mth the Hugoniot curve 
always lies between the Rayleigh line and the 
Hugoniot curve. 

As a direct consequence of the nature of the 
variation of entropy along the Hugoniot curve, 
certain qualitative statements can be made as to 
tU nature of the flows associated with states 
represented by points on the various sections of 
the curve. These conclusions result from the 
mechanical conservation conditions and are 
derived in the next paragraph. As summarized, 
they have been called Jouguet’s rule. It is shown 
that the flow of the reaction products relative to 
the reaction front is subsonic behind a strong 


detonation or weak deflagration, sonic behind 
a Chapman-Jouguet detonation or deflagration, 
and supersonic behind a weak detonation or 
strong deflagration. If we refer to Fig. 6-3, these 
statements are expressed by the relations 


ju/jl < Cj on AB and DE 
iioj = Cj at R and E 
•[uij > c x on BO and EF 


(6-15) 


where c x is the velocity of sound at thepoint 
(Pv v \ )' ^ a ^ s0 that the flow of the 

intact material relative to the reaction front is 
supersonic ahead of a detonation wave and 
subsonic ahead of a deflagration wave. Again 
referring to Fig. 6-3, these statements are 
expressed by the relations, 


D > c on ABC 

o 


(6-16) 


D <c Q on DEF ) 

where c q is the speed of sound in the unreacted 
material at pressure p o and specific volume v q ; 



Figure 6-4. Hugoniot Curve (H), Rayleigh Line (R) t and Isentropes (dashed curves) for (A) 
Strong Detonations and Weak Deflagrations , (B) Chapman-Jouguet Detonation 
and Deflagration , and (C) Weak Detonations and Strong Deflagrations 
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Consideration of the mechanical conservation 
conations reveals a further distinction between 
detonations and deflagrations. Eqs. 6-1 and 6-2 
can be combined to yield 


the right-hand member of which is negative. This 
relation shows that the material velocity 
decreases in passing through a stationary 
detonation front, for which u x < v Q ; and 
increases in passing through a stationary 
deflagration front, for which i/jl > u 0 . If the 
urireacted material is at rest relative to fixed 
coordinates (1) u Q = 0 and < 0 if the reaction 
wave is a deflagration, and (2) u x > 0 if the 
reaction wave is a detonation. The change of 
material velocity in passing through the reaction 
front is compared in Fig. 6-5 for a detonation 
and a deflagration with the unreacted material at 
rest. For a detonation wave, the motion of the 
reaction products is directed toward the reaction 
front, arid for a deflagration wave the motion of 
the reaction products is away fmro the reaction 
front For the Chapmari-Jouguet detonation in 
an explosive at rest, the expression of Eq. 6-15 
.can be written 

D = u x + c t (6-18) 

Jouguet in 1905 6 recognized that the 
propagation of the detonation wave for which 


the Rayleigh line is tangent to the Hugoniot 
curve is sonic with respect to the reaction 
products. 

The conservation laws, when applied across 
the reaction front, simply enumerate all of the 
states and describe the associated flows on either 
side of the front that are accessible for a given 
material at specified initial conditions. Physical 
reality does riot present all of the states that are 
possible for the simplified model that has been 
employed. When the model is refined by 
removing the assumption of an infinitely fast 
reaction and by considering. a reaction zone of 
finite thickness it will be concluded that weak 
detonations do not usually exist and strong 
deflagrations can never exist. Anticipating the 
result of that analysis, we shall give no further 
consideration to these sections of the Hugoniot 
curve, restricting the discussion to those sections 
representing physically realizable states that are 
shown on Fig. 6-6. 

Jouguet’s rule indicates the reason why a 
theoretical description of a reaction wave based 
on the laws of conservation across the reaction 
front can be useful for a detonation wave and at 
the same time not useful for a 
combustion wave. Sirice the flow ahead, of a 
deflagration wave is subsonic with respect to the 
wave, the flow ahead of the wave is influenced 
by the deflagration wave itself. This is riot the 
case for a detonation wave where the flow of the 
unreacted explosive is supersonic with respect to 




Figure 6-5. Wave Path W and Particle path P for (A) a Detonation and (B) a Deflagration 
With u o - 0 
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the detonation front. It is, in fact, a 
consequence of this distinction that flows 
associated with deflagration waves have one 
more degree of indeterminacy than flows 
associated with detonation waves, and this 
additional decree of indeterminacy requires 
consideration of the conduction of heat and 
diffusion of molecular species on each side of 
the wave. We shall continue the analysis of weak 
deflagration waves in the next paragraph because 
the results obtained will find an application 
subsequently; 


it will be deduced. We assume the existence of 
an equation of state, both for the unreacted 
material and for the reaction products. The 
equation of state for either medium is of the 
form p * p(v,s) if the entropy and specific 
volume are taken as independent state variables. 
We assume again that 

= - pVco 

dv 

2 (6-19) 

6 P _ dp . 


3u 


> 0, T" > 0 


6-3 PROPERTIES OF THE HUGOIMIOT 
CURVE 

In this paragraph, the properties of the 
Hugoniot curve and of the flows associated with 


These assumptions have the effect of specifying 
curves of constant entropy, $(p,u) = constant, 
which form a noniritersecting family in the 
foW-plane, decreasing and concave toward 
positive v and with the entropy increasing on 
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any radius from the origin. We assume that the 
composition of the unreacted material is fixed 
and given by the initial specifications of the 
system, and that the reaction products are in 
thermodynamic equilibrium. Then for either 
medium, the second law of thermodynamics is 
expressed by 

de = Tds - pdv (6-20*) 

and the derivatives of Eqs. 6-19, in the case of 
the reaction products, are taken at equilibrium 
composition*. The exothermic character of the 
reaction is expressed by the requirement that for 
the same pressure and specific volume the 
specific energy of the unreacted material is 
greater than the specific energy of the reaction 
products. 

The discussion of the properties of the 
Hugoniot curve is facilitated by the definition of 
the Hugoniot function 

H(p,v) = e(p,v) - e(p o ,v o ) 

+ V4(p + p a )(v - v ) 


At an extremum, ds/dr - 0, so that an extremum 


By Eqs. 6-19, 3 p/fo > 0 and b 2 p/bv 2 > 0, 
Therefore, at an extremum d 2 s/dr 2 < 0. We 
have proved that the extremum, if it exists, must 
be a maximum. Therefore, the entropy can 
attain at most one such stationary value on a 
straight line or ray through (p 0t v 0 ) in the 
(p,y>plane. 

Now, consider the value of the Hugoniot 
function H(p % v) along the ray R represented by 
Eqs, 6-23. Differentiating Eq. 6-21 at constant 
p o and v o , we obtain 

dH ~ de + l A{p + -pfidv + *A(u - v o )dp (6-26) 

and with Eq. 6-20, this becomes 

dH = Tds - A(p - p 0 )du 

+ Vi{v - v o )dp (6-27) 

Therefore, on the ray i? 


In terms or this function, the Hugoniot equation 
Eq. 6-3; can be written 




e(P 0 ,v o ) = J{p o ,v o ) (6-22) 


The exothermal character of the reaction is 
expressed by the requirement that J(p o% v o )>Q. 

First, we want to prove that the entropy has at 
most a single extremum on a straight line in the 
fouj-plane and that such an extremum is a 
maximum. A ray R through the point (P 0 >v Q ) 
can be represented in terms of the parameter r 
and two constants a and b by 

p = p + nr , u = v + br 

0 0 (6-23) 

« = Pl -Po - b=V l- V o 


Then, on R , dp ® a dr, du « bdr \ and 

^ =a 6) +h £)°l[ a - *©] (e - 24) 

♦Since Eq. 6-20 applies either to changes at equilibrium 
or to changes at an arbitrarily specified composition, the 
analysis of this paragraph is also applicable if it is 
assumed that the explosion products are constrained to 
such an arbitrarily specified constant composition. 


If both the entropy and the Hugoniot function 
are considered functions of the parameter r oh 
the ray R, we have proved that they are 
simultaneously stationary if either one is 
stationary. Furthermore, since a stationary value 
of the entropy is a maximum, a stationary value 
of the Hugoniot function is a maximum on JR. 
Since the entropy can attain at most one 
maximum on a ray jR, it follows that the 
Hugoniot function can attain at most . one 
maximum on R. 

Having shown that the entropy and the 
Hugoniot function simultaneously attain 
maxima at not more than one point on any ray 
in the (p,v)~p\ane, we want to prove that there is 
one such point on any Rayleigh line 
corresponding to finite propagation velocity; In 
view of Eq. 6-24, the entropy is e maximum on 
R if 

_ 22 _ » 


Along any Rayleigh line, defined by Eq. 6-14 


a/b = - p 2 if < 0 
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Therefore, the entropy—and simultaneously, the 
Hugoniot function—attains a maximum at a 
point (p,v) determined by 
pc = pD 


p - p(u,s), c = c(u,3) 


(6-31) 


/ 

together with Eqs. 6-22, where the sound speed 
c is a >sitive quantity and a function of the 
state of the gas. Eq. 6*31 is the condition that a 
line of slope a/b oe tangent to an isentrope. By 
Eqs. 6-19, the slope of any isentrope is always 
negative, increasing monotonically with 
increasing v. Foi a gas, the slope tends 
asymptotically zero as v increases 
indefinitely. Th$*c£>re, any isentrope has a 
point of tangericy line of specified slope a/b 
if a/b < 0, and sue » a line is parallel to the 
Rayleigh line of the. t same slope through a fixed 
initial point Since, v »y Eqs. 6-19, the entropy 
increases monotony lly along any radius 
through the origin in the (p,^ -plane, there exists 
an isentrope whose tangent of specified slope 
a/b passes through the fixed initial point and is 
thus identical with the Rayleigh line. Therefore, 
Eqs. 6-22 and 6-31 always possess a solution. We 
have proved that the entropy and the Hugoniot 
function simultaneously attain maxima at one 
and only one point on every Rayleigh line 
corresponding to finite propagation velocity. 

Each point (p x ,u. ) on the Hugoniot curve 
described by Eq; 6-2S. is bn a Rayleigh line 
defined by Eq. 6-14, when the propagation 
velocity D is fixed by the point (p iy v 1 ): Since 
the Hugoniot function is constant on the 
Hugoniot curve and since it attains a maximum 
on a Rayleigh line, the Rayleigh line througn 
(p l ,v x ) must have a second intersection with the 
Hugoniot curve-4.e.„(p^uiv)-mhless (p x ,v x ) is a 
point on the Rayleigh line at which the 
Hugoniot function is a maximum. Since the 
Hugoniot function attains only a single 
maximum on a Rayleigh line, a Rayleigh line 
cannot intersect the Hugoniot curve at more 
than two points. We now consider the case of 
two intersections and, for definiteness, we let 
v[ <v t . Then the requirement that the slope of 
the Rayleigh line be negative implies that p[ > 
p x . We call the point ) an upper point 
and the point (p x ,v x ) a lower point. An upper 
point on the detonation branch of the Hugoniot 
curve is a strong detonation; on the deflagration 


branch, an upper point is a weak deflagration. A 
lower point on the detonation branch is a weak 
detonation, and a lower point on the 
deflagration branch is a strong deflagration. 

Since the Hugoniot function has the same 
value at the two points (p x ,v x ) and O' , of 
the intersection of a Rayleigh line with the 
Hugoniot curve, it attains a maximum at some 
intermediate point. The entropy attains a 
maximum at the same intermediate point. 


Therefore 


^- > 0 at (Pj.fj) J 

j- < 0 at (p>J) 
dr 1 1 


(6-32) 


on the detonation branch (where < v q ) arid 
ds ^ 

<0 at (Pj.tij) 


dr 

ds 


(6-33) 


dr >0 at (pX) 

on the deflagration branch (where v x > u G ). 
Since 3 p/9s > 0 by Eq. 6-19, we can write, for, 
either branch 



By use of Eqs. 6-23, 6-24, and 6-30, these 
inequalities become 


P*c\ - P 0 V < 0 at (p^) 
fal - P*D 2 > 0 at 


(6-35) 


Because of the conservation of mass across the 
discontinuity, Eq. 6-2, these statements can be 
transformed to * 


\U X \ > c % at (p^) 
I tfj < c, at (p>;) 


(6-36) 


We have proved that the gas flow relative to the 
reaction front is subsonic behind an upper point, 
i.e., a strong detonation or weak deflagration; 
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and supersonic behind a lower point, i.e„ a weak 
detonation or strong deflagration. These 
conclusions form a part of Jouguet’s hile. 

If a Rayleigh line intersects the Hugoniot 
curve at a single point, then the Hugoniot 
function attains a maximum on the Rayleigh 
line at the point of intersection. Consequently, 
the entropy is a maximum on the Rayleigh line 
at the point of intersection and 
ds 

T - 0 (6-37) 

dr 

Using Eqs. 6-23, 6-24 and 6-30, we have, at such 
an intersection, 


= p 2 0 i f (6-38). 

and this relation implies that 

1^1 = c i (6-39) 

If the Rayleigh line intersects the Hugoniot 
curve at a single point, the state described by 
such an, intersection is a Chapman-Jouguet state. 
We have proved that the gas flow relative to the 
reaction front is sonic behind a 
Chapman- Jouguet state. This is the property 
formulated by Jouguet in 1905, and this 
conclusion forms another part of Jouguet’s rule. 

We have noted that the Hugoniot function 
attains a stationary (maximum) value on the 
Rayleigh line through a Chapman-Jouguet point 
at the Chapman-Jouguet point. Along the 
Hugoniot curve, dH(p 1 ,i>j ) * 0. Therefore, the 
Rayleigh line through the Chapman-Jouguet 
point is tangent at that point to the Hugoniot 
curve, i.e., 

( 6 .40) 

dV ! V l~ U o 

at a Chapman-Jouguet point. Since this Rayleigh 
line is also tangent to the isentrope passing 
through the Chapman-Jouguet point, the 
Hugoniot curve is tangent at a Chapman-Jouguet 
point to the isentrope through the point. It 
follows that the entropy attains a stationary 
value on the Hugoniot curve at a 
Chapman-Jouguet point. Thus, we have shown 
that 


dp j 
dv i 


2 2 
Pi C i 


(6-41) 


at a Chapman-Jouguet point, an expression that 
can be obtained by combining Eqs. 6-38 and 
6-40, and we have also shown that 

*1 = 0 (6,42) 

on the Hugoniot curve, an expression that can 
be obtained from Eq. 6-27 with dH(p 1 ,v t ) ~ 0 
and Eq. 6-40. If the equation of the Rayleigh 
line, Eq. 6-14 is differentiated, 

DdD = [ Mp > ■ p ° m (6 ‘ 43) 

- ‘4(B, - 0 o WPlj 

Using Eq. 6-40, we see that 

dD = 0 (6-44) 

at a Chapman-Jouguet point. We have proved 
that among the various reactive flows described 
by the Hugoniot curve, the flow for a 
Chapman-Jouguet point leads to a stationary 
value fpr the velocity of d.e section front 
relative to the unreacted malarial ‘ Hjr is the 
property identified by Chapman in 
1899. 

Along the Hugoniot curve, where dH(p 1 v r ) * 
0, Eq. 6-27 is 

TjdSj = «(p, - p o )dv 1 - >4( Bj - v o )Hp l (6-45) 

The pressure is, given by the equation of estate as 
a function of specific volume and entropy. Using 
Eqs. 6-i9, we can write 


dPj. = ~ p;^ + (dp/ds^dsj (6-46) 


and transform Eq. 6-45 to 

Ids, 


w* - *. k p 2 A - pZp 2 ) 
Vi 


AT. 


Am i + , ^r V b 3d 



(6-47) 


where we have employed Eq. 6-14 to eliminate 
the pressure difference p 1 —P o . 

Before discussing the implication of Eq. 6-47, 
it is necessary to consider the behavior of the 
function A. Since Bp/Bs > 0 by Eqs. 6-19, this 
quantity is clearly positive everywhere on the 
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deflagration branch of the Hugoniot curve, 
where v x > v Q} and av the point on the 
detonation branch for constant volume 
explosion, = v 0 . Consequently, on the 
deflagration branch, in view of Eqs. 6-35, 


ds 1 
dv L 


>0 if p[c* > p 2 D 2 


(6-48) 


i.e., for a weak deflagration; and 

^ <0 if p\c* < p> 2 (f-49) 

dv x iio 

i.e., for a strong deflagration. From Eqs. 6-42 
and 6-45 we obtain the relation 


DdD 




from which, we infer that 

dv, . dv, ^ 
■“ > 0 or "Tt? < 0 
dD dD 


(6-50) 


(6-51) 


that p' > p r Each of these points satisfies the 
Hugoniot equation, Eq. 6-22. If e Q is eliminated 
between the two relations obtained when Eq. 
6-22 is specialized in turn to the two points and 
if account is taken of ,the fact that both points 
are on < the same Rayleigh line, it Is easy to show 
that 

e(pX) - e(P,,t ',) = 'Mp[ + PjK'', " v [) (6-52) 

This relation will be recognized to be the 
Hugoniot equation centered on (p^v x ) for a 
shock wave in the reaction products, and it is a 
condition that a shocked state (p\v') ri^st 
satisfy for given initial state (p v v x ). (Eq. 6-52 
coincides with Eq. 6-20 only at the two points 
of intersection of the Rayleigh line with the 
reaction Hugoniot curve.) Now, we consider p[ 
and v[ to be variables satisfying Eq. 6-52 and 
obtain, by differentiation at constant p 1 and v 1 
and the use of Eq. 6-19, the relation 


for a weak or for a strong deflagration, 
respectively. If the slope of the Rayleigh line is 
increased, so that the velocity D is decreased, we 
see that the specific volume of the upper (weak 
deflagration) intersection with the Hugoniot 
curve decreases arid the specific volume of the 
lower (stirring deflagration) intersection 
increases. In the limit of zero slope and zero 
velocity, the upper intersection must coincide 
with the specific volume for constant pressure 
combustion since p - p[ > p v The specific 
volume of the lower intersection terids toward 
infinity as the slope of the Rayleigh line tends 
toward zero because of Eq. 6-14. Conversely, if 
the slope of the Rayleigh line is decreased, so 
that the velocity JD is increased, the specific 
volume of the upper intersection increases and 
the specific volume of the lower intersection 
decreases. Since v' x < o v these intersections 
eventually coalesce as the slope of the Rayleigh 
line contiriues to decrease. It has been shown 
that such a single point of intersection is a 
Chapman- Jouguet point. 

Before applying Eq. 6-47 to the detonation 
branch of the Hugoniot curve, we want to show 
that the coefficient A is positive everywhere on 
this branch. To do this, we can adapt an analysis 
due to Becker. Consider any Rayleigh line 
intersecting the Hugoniot curve at two 
points—i.e,, (p x ,v x ) and (p^^—where u x < v x so 


^ ds[ = %(p' - - 'h(v[ - t >Jdp[ (6-53) 


where the prime indicates that the quaritity so 
designated is evaluated at (P x p'). We again regard 
the pressure a function of entropy and specific 
volume so the relation equivalent to Eq. 6-46 
applies, andEq. 6-53'becomes 


= K - [(p &) 2 - p> 2 ] 


ds[ 

dv ; 


(6-54)^ 


where we have again employed the fact that the 
two points are on the same Rayleigh line. By Eq. 
6-35, the right.nand member of Eq. 6-52 is 
negative. It has been shown, as for example by 
Courant and Friedrichs, that ds' /dv x < Q for a 
shock wave described by Eq. 6-52 in a medium 
whose equation of state conforms to Eqs. 6-19, 
Therefore ...» 


1 + V2{v[ - 




(6-55) 


The specific volume v x of the lower intersection 
can be allowed to approach as closely as is 
desired the initial volume iq so that -*• p e as 
iq v Q . Then, it is necessary that Pi » as u a 
v 0 . From Eq. 6-55, we conclude that A > 0 as 
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the pressure increases indefinitely. We have 
noted that A > 0 when - v Q . Since the 
pressure and temperature, and their derivatives 
are continuous functions of the entropy and 
specific volume; the coefficients, the derivative 
dsx/dvx , and the right-hand member of the first 
of Eq. 6-47 must be continuous on the Hugoniot 
curve. Therefore, the coefficient A which has 
been shown to be positive for the maximum and 
minimum values of v x on the detonation branch 
of the Hugoniot curve, is positive everywhere on 
the detonation branch of the Hugoniot curve. 

From Eq. 6-47, we now conclude that on the 
detonation branch of the Hugoniot curve 

— 1 < 0 if p\c\ > p> 2 (6-56) 

dv 1 1 1 ° 

i.e., for a strong detonation; and 

~> Oil p[ c\< pV (6-57) 

i.e., for a weak detonation. Using Eq. 6-50, we 
infer that. 

dv t ^ dv, ^ „ 

IB < 0 “ dD > 0 < 6 - 58 > 

for a strong or for a weak detonation, 
respectively. If the slope of the Rayleigh line is 
decreased, so that the velocity D is increased, we 
see that the specific volume of the upper (strong 
detonation) intersection with the Hugoniot 
curve decreases and the specific volume of the 
lower (weak detonation) intersection increases. 
In the limit of negatively infinite slope and 
infinite velocity, the lower intersection must 
coincide with that for constant volume 
explosion since v[ <, u x - v a . The pressure of the 
upper intersection tends toward infinity as the 
slope of the Rayleigh line becomes negatively 
infinite, because of Eq. 6-14. Conversely, if the 
slope of the Rayleigh line is increased so that the 
velocity D is decreased, the specific volume of 
the upper intersection increases and the specific 
volume of the lower intersection decreases. 
Since v[ < v x , these intersections eventually 
coalesce as the slope of the Rayleigh line 
continues to increase. Such a single point of 
intersection has been shown to be a 
Chapman- Jouguet point. 

The character of the stationary values of 
entropy and propagation velocity at 
Chapman- Jouguet points can be described 
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specifically. Differentiating Eq. 6-47 and using 
Eqs. 6-38 and 6-42, we obtain 


= - ^("l - U o) 


at a Chapman-Jouguet point. Since d 2 p/dv i > 0 
by Eqs. 6-19 and since A > 0, we conclude that 

d\ <?$, 


for a Chapman-Jouguet deflagration or 
detonation, respectively. From Eq. 6-60 we have 


at a Chapman-Jouguet point. Therefore, 


.for a Chapman-Jouguet deflagration or 
detonation, respectively. It follows that the 
entropy and propagation velocity are relative 
maxima at a Chapman-Jouguet deflagration and 
relative minima at a Chapman-Jouguet 
detonation. Since the entropy is a maximum at a 
Chapman-Jouguet, deflagration, there is at most 
one Chapman-Jouguet point on the deflagration 
branch of the Hugoniot curve. We have 
demonstrated the existence of one such point 
separating a region of strong deflagrations from 
one of weak deflagrations. Therefore, the 
deflagraion branch, consists of two sections, the 
one consisting of a strong deflagration and the 
other of weak deflagrations, separated by a 
Chapman-Jouguet point. Similarly, we conclude 
that the detonation branch of the Hugoniot 
curve is divided by a Chapman-Jouguet point 
into an upper section consisting of strong 
detonations and a lower section consisting of 
weak detonations. The properties now 
attributed to the Hugoniot curve require that 

*>i d 2 p 

— < 0 , — r > 0 (6-63) 

dv 1 dv f 

and these properties are a direct consequence of 


i WJ 
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the assumptions regarding the equation of state 
that are expressed by Eqs. 6-19. 

In order to establish Jouguet’s rule for the 
state ahead of the reaction front, we define a 
Hugoniot function H 0 for the unreacted 
material by 

H(p,v) = e a (p,v) - e 0 (p xA ) 

+ 'A(p + p x )(v - v % ) 

where we regard the final state (p x y v 1 ) as fixed 
and where e D (p y v) is the specific energy function 
for the unreacted material. The Hugoniot 
equation, Eq. 6-24, can now be written 

H o<P',’ v o) - ^."i) - e „(Pi.«,) (6.65) 

= -J(P v v % ) 

•where the exothermal nature of the- reaction is 
expressed by the requirement that J(p u v x ) > 0. 
The curve defined by Eq. 6 t 65 is sketched in 
Fig. 6-3. It consist of two branches, one of 
which is the locus of initial states from which 
the specified final state can be reached when the 
final state is a detonation, the other being the 
locus of initial states when the same final state is 
a deflagration. An analysis identical to that 
previously employed demonstrates that the 
Hugoniot junction and entropy of the unreacted 
material attain one and only one stationary 
value along the Rayleigh line and that this 
stationary value is, for each function, a 
maximum. In the present case, a Rayleigh line 
can have only a singe intersection with either 
branch of the Hugoniot curve defined by Eq. 
6-65. If a second intersection with one of the 
branches were to exist, the function H 0 , which 
vanishes at (p v v x ), would have the same negative 
value at each intersection and hence a 
minimum on the Rayleigi line between the two 
intersections; this is impossible. Therefore, a 
second intersection with the same branch of this 
curve is impossible. For the present choice of 
variables, the Rayleigh line can be represented in 
terms of a parameter r 0 by 

p = + ato , v = v 1 + br Q J 

j (6-66) 

a = Po “ P t » 6 - ^ J 

where alb * ~PqjD 2 by Eq. 6-14, The expression 
analogous to Eq. 6-24 for the unreacted material 
is 



Since the entropy attains a maximum on the 
Rayleigh line at a noin t between (p 1 ,v t ) and 
(PoSo), it follows that ds 0 /dr 0 < 0 at ( p 0i u 0 ) 
for an intersection with either branch. If we 
recall that 3 s/bp > 0 by Eqs. 6-19, > Eqs. 6-66 and 
6-67 lead to the result 

( u 0 - °1 )(c" - D 2 ) < 0 (6-68) 

Therefore D>c 0 if > v 0 and the final state is 
a deflagration, and D < c 0 if v t < v 0 and the 
final state is a detonation. We have shown that 
the flow relative to the reaction front is subsonic 
ahead of a deflagration wave and supersonic 
ahead of a detonation wave. These statements 
form part of Jouguet’s rule, 

6-4 EXISTENCE AND UNIQUENESS OF 
FLOWS INVOLVING REACTION WAVES 

The Hugoniot equation does not suffice to 
determine uniquely a reaction state and 
propagation velocity that can be identified with 
the unique detonation wave that is usually 
observed experimentally. Therefore, it is 
necessary to supplement the conservation 
conditions with additional, information. The 
source of this information is the nature of the 
entire flow field on each side of the reaction 
discontinuity. These flow fields are determined 
by the partial differential equations of 
hydrodynamics. The equations must be satisfied 
in any region that is free of discontinuities and 
they are to be solved, in the present case of flow 
in one dimension, subject to initial' conditions 
specified on the x-axis and to boundary 
conditions specified on the rear boundary. If the 
problem is formulated in this manner, the 
mechanical conditions across the reaction front 
and the Hugoniot equation are supplementary 
conditions that must be satisfied on each side of 
the discontinuity by the solutions of the 
hydrodynamic equations in the continuous 
regions. They can be thought of as connecting 
the solution in one region, that of the unreacted 
material, to the solution in the adjacent region, 
that of the reaction products. In serving this 
purpose, they implicitly prescribe the path, e.g., 


6-14 


AMCP 706*190 


x(t), of the reaction wave in the (x y i)- plane. The 
existence and uniqueness of solutions of the 
hydrodynamic equations in flows involving a 
reaction front has been discussed in an elegant 
manner by Courant and Friedrichs, whose 
treatment is followed in this paragraph. 

In par. 2-7, it is remarked that a curve in the 
fofj-plane on which are specified data to which 
the hydrodynamic equations are subject is 
tirhelike if the flow relative to the curve is 
subsonic, and that such a curve is spacelike if the 
flow relative to the curve is supersonic. It. is 
shown that the solution of a flow problem in a 
region between two curves is unique in two 
cases: if both curves are timelike, one quantity is 
specified on each curve and two quantities are 
specified at their intersection; or if one curve is 
spacelike with two quantities specified on it, the 
other curve is timelike with one quantity 
specified on it. With the aid of Jouguet’s rule, 
these principles can be employed to consider the 
determinacy of flows involving a detonation 
wave. 

For definiteness, we consider a semi-infinite 
mass of explosive, initially at rest with u 0 = 0, 
extending from x - 0 to x - and we assume 
that a reaction propagating in the direction of 
positive x begins on the plane x = 0 at the time t 
= 0. Although one is usually concerned with the 
case where the end x = 0 is completely open or 
consists of a rigid wall, it is illuminating to 
consider the more general problem in which the 
end is conceived to be a piston which starts to 
move from the end x = 0 at the time t = 0 with 
specified constant velocity u p , 

The path P of the piston in the (x,t)- plane is 
timelike since it is identical with that of the 
particles adjacent to it. The particle velocity of 
the adjacent particles is equal to the piston 
velocity u p so that uls specified on the path?. 
The initial values u * u n =0 and p - p 0 
are specified on the tt-axis which is to be 
regarded as spacelike. However, these regions are 
separated by the unknown path W of the 
reaction wave, and it is necessary to consider 
separately the flow in the two regions into 
which the fotj-plane is divided by W. We may 
suppose that the propagation velocity of the 
wave, i.e., the slope of W, is arbitrarily fixed and 
constant. 

If the wave is a detonation, W is, by Jouguet’s 
rule, supersonic when observed from the 


unreacted material. Then, between W and the 
s-axis, the flow is uniquely determined by the 
quantities prescribed on the *-axis at t ~ 0 so 
that u and p are constant everywhere in that 
region and equal to u 0 and ft, , respectively. The 
conservation conditions across the wave front, 
Eqs. 6-2 and 6-3, then prescribe Uj and p 1 for 
the specified value D of the slope of W. We may 
now regard W as an initial curve for the region 
between P and W on which the quantities u - 
andp = Pi are prescribed. 

Mow suppose that W represents a strong 
detonation. By Jouguet-s rule, Y' is. timelike 
when observed from the reaction products. 
Since P and W are both timelike, their slopes u p 
and D cannot both be arbitrarily specified. This 
is because the value of u on W, vyhich is fixed by 
the initial conditions and the velocity D, is alsp 
fixed in accordance with the existence rule by 
the specification of u oh P , of p on W, and of u 
and p at the intersection of P and W. Therefore, 
for a strong detonation wave of specified 
propagation velocity, it is necessary to adjust the 
piston path P so thatu^ = . It follows . that :the 

flow between the piston arid the strong 
detonation wave is uniform with \ 


and that the flow for a strong -detonation is 
completely determined by the piston velocity 
arid initial conditions. If the first of Eqs. 6-2 is 
combined with Eq. 6-1, then when u Q = 0 \ve 
have 


Differentiating with respect to v x at constant 
p o , we obtain 

d, 'i /“A dD 

— = — — - p 0 I> (8-71) 

du 1 \dJ du l ° 

for a strong detonation, dD/dv 1 < 0. Therefore 
du 1 /dv l <0. If we denote by u* the particle 
velocity of the reaction products for a 

Chapman-Jouguet detonation, we conclude that 

the velocity of the piston, supporting a strong 
detonation, is subject to the restriction 

« > u* (6-72) 
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We have shown that just one flow involving a 
strong detonation is possible and that the piston 
velocity must satisfy Eg. 6-72. in' the limit given 
by the equality sign, the detonation is a 
Chapman-Jouguet detonation. The flow in a 
strong detontation is illustrated by Fig. 6-7 in 
which are shown the piston path P , the wave 
path W, and a typical particle path. 

We must now consider flows involving a 
detonation wave for which u p <u* It is to ’be 
noted that flows involving weak detonation 
cannot be excluded on dynamical grounds when 
the reaction zone is represented by a 
mathematical discontinuity. By Jouguet’s rule, 
the wave path of ' a weak detonation is 
supersonic or spacelike when viewed from the 
reaction products, and a flow associated with a 
weak detonation consequently possesses a higher 
degree of indeterminacy than is the case for 
strong detonations. For this reason* it is possible 
to construct flows involving a weak detonation 
and compatible with & prescribed piston velocity 
in a number of ways. Thus, the uniqueness of a 
particular flow cannot be demonstrated, as was 
possible for a strong detonation. In fact, if shock 
waves in the reaction products are admitted as 
pert of the solution, the flow behind a weak 
detonation can be accommodated to a piston 
velocity satisfying Eq. 6-72. These solutions are 
not discussed further since it has been noted 
that weak detonations are eliminated by 
consideration of the structure of the reaction 
zone, 


For the case u p <u*, a flow involving a 
Chapman-J'/Uguet detonation can be 
constructed and is therefore possible. In this 
case, the particle velocity, equal to uf behind 
the detonation wave, is adjusted to the piston 
velocity u by a centered rarefaction wave. 
Since a Chapman-Jouguet detonation wave 
front, (Eq, 6-18), and the head of the 
rarefaction wave moves with the same velocity, 
the rarefaction wave follows the detonation 
front immediately. The wave path W arid the 
characteristic C + issuing from the point x * 0, i 
* 0 coincide. This flow is illustrated by Fig. 6-8 
which shows the piston path P, the wave path W, 
a typical particle path and characteristics C + 
through the centered rarefaction wave. In 
particular, if the end x * 0 is fixed— so that u p * 
0 or open, corresponding to <? 0-a 
Chapman-Jouguet detonation is possible. The 
Chapman-Jouguet hypothesis consists of the 
assumption that it is this flow that actually 
exists in the case of an unsupported detonation 
wave in the absence of a piston. Weak 
detonation waves having been eliminated from 
consideration, it is likely that no other solution 
exists. 

In Fig 6-9, the particle velocities at a given 
instant of time between the wave front and the 
piston are compared for four different values of 
the piston velocity. For two of these values, 
strong detonations result and for the other two, 
one of them representing zero piston velocity, 
the detonation is a Chapman-Jouguet 



Figure 6-7. Flow in a Strong Detonation 




o 


detonation. A graph of the pressure would be 
qualitatively similar to this figure. 

In a deflagration process, *he wave path W is 
timelike with respect to the unreacted material 
'n accordance with Jouguet’s rule. 
Conrequently, the flow in the unreacted 
material if. not determined by the prescribed 
Values of pressure and particle velocity, p a aiid 
u 0 , on the x-axis, and one quantity can be 
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arbitrarily prescribed on W. By Jouguet’s rule, 
the wave path is also timelike with respect to 
the reaction products if the wave is a weak 
deflagration. It follows that the fl'jw is uniquely 
determined when one quantity, /the path W ora 
quantity ahead of W, is prescribed. For a 
deflagration process with v 1 > v a> we have u t <0 
by Eq. 6-17. It is possible for the wave to move 
into the unreacted material at rest only if the 


O 



Figure 6-8. Flow in Chapman-Jouguet Detonation 



Figure 6-9, Particle Velocity Behind Detonation Waves: Strong Detonation (a) and (b); 
Chapman-Jouguet Detonations (b) y (c) y and (d) 
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the piston is withdrawn with a speed at least 
equal to that of the reaction products behind 
the front, u p < u y . If u p > u lt and in particular if u p 
* 0, the pattern o t the flow must involve a new 
feature. In this case, the adjustment of the 
particle velocity to that at the rear boundary is 
possible only if a precompression shock wave is 
generated by the deflagration wave in the 
unreacted material of a suitable strength so that 
after the particles are accelerated in the forward 
direction by the shock wave they are retarded 
by the deflagration wave and so attain the 
velocity obtaining at the rear boundary. This 
flow is illustrated in Fig. 6-10 for a closed end, 
it * 0, where the shock path 5, the wave path 
W y and a particle path are shown. -The 
occurrence of a precompression shock wave is, in 
conformity with Jouguet’s rule. Since the flow 
ahead of the deflagration wave is subsonic 
relative to the wave front, the wave influences 
the state of the material ahead of it. For any 
arbitrarily prescribed wave path W and piston 
path with u p >“ 1 , there is a uniquely determined 
precompression shock S and flow between S and 
P. It is to be noted that flows exist for a 
specified shock wave involving arbitrarily chosen 
strong deflagration waves followed by 
rarefaction or shock waves. Strong deflagration 
waves having been eliminated from 
consideration, it is likely that the solution 
described involving a weak deflagration is the 


only solution that exists. One degree of 
indeterminacy remains: either shock path S or 
the wave path W can be chosen arbitrarily with a 
prescribed piston velocity. Additional 
information, to be found by an examination of 
reaction and transport processes in the interior 
of the wave, must be employed uniquely to 
determine the flow. 

We conclude this discussion of the flows 
associated with reaction waves by showing that a 
deflagration wave with its precompression shock 
wave is formally equivalent to a detonation 
wave. Through a shock wave of velocity £7, the 
pressure of the unreacted material is raised from 
p o to p’ and the specific volume decreased 
from v Q to v . The mass flux m through- the 
shock v;ave is, by the continuity equation, 

m * p 0 w o * pV (6-73) 

where p' * 11 v’ and w' is the flow velocity of the 
shocked unreacted material; relative to the 
shock front Through the deflagration wave of 
velocity D , the pressure is reduced from p' to 
p x and the specific volume increased from V to 
v x . If the mass flux is the same through both 
waves, 



Figure 6-10. Flow in Weak Deflagration With Closed Snd 
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and therefore 


p o w 0 = p x w x (6 -75) 


The conservation of momentum through the 
shock. and deflagration waves requires that 

P’ ~ Pc. m Po^o ~ p'(w’) 2 ) 


(6-76) 


P x - P' * P\w'f - p 0 w\ J 
so that, by the elimination of p\ 

P 1 - Po “ (.V". - fii w i ( 6 ‘ 77 ) 


These conservation conditions can be combined 
to yield 

p' - P 0 P x - P' Pt " P 0 


(6-78) 


v - v Q 


v. 


the Hiigoniot equations for the shock and 
deflagration waves are 


: e 0 (p',v') - c 0 (p 0 ,v 0 ) = V£(p' + P 0 )(t> 0 - i/) 
e(p 1 ju 1 ) - c 0 (p',i/) = + p')(v' - v x ) 


(6-79) 


respectively, where e 0 (p,v) is the specific energy 
function of the unreacted material. Eliminating 
e o(pV) from these expressions and using Eq. 
6-78, we obtain 


- Co(P 0 ’ V o) 

“ '^(Pj + pJK - “j) 


(6-80) 


Eqs. 6-75, 6-77 and 6-80, are identical with Eqs. 
6-2 and 6-3 for a single reaction process from 
the state (p o% v q ) to the state (p v v x / The shock 
and deflagration waves have the same 
propagation velocity D * U when the mass flux 
is the same through each wave and, by Eq. 6-78, 
the points (p\v') and (p v vj lie on the same 
Rayleigh line. Fig. 6-11, illustrating the 
Hugoniot curve for the (weak) deflagration and 
the shock wave, shows that the equivalent single 
process is a detonation. The curve A 1 AO is the 
Hugoniot curve of the shock wave, centered on 
(p o ,v o ), in the unreacted material, given by the 
first of Eqs, 6-79. The curve B' B is the 
deflagration branch of the reaction Hugoniot 
curve centered on (p' t v') t given by the second 


of Eqs. 6-79, and also the detonation branch of 
the reaction Hugoniot curve centered on 
(Po ,v 0 )y given by Eq; 6-80. The Rayleitfi line 
ABO is drawn tangent to the reaction Hugoniot 
curve and thus corresponds to a 
Chapman-Jouguet detonation centered on 
(Po > v o ) or to a Chapman-Jouguet deflagration 
centered on (p[ v’ ). The Rayleigh line A 1 B' O 
corresponds to a strong detonation or a weak 
deflagration. It is evident that a strong 
detonation is formally equivalent to a weak 
deflagration preceded by a shock- and a 
Chapman-Jouguet detonation to a 
Chapman-Jouguet deflagration preceded by a 
shock, the mass flux through shock and 
deflagration waves being identical. 

65 THE CHAPMAN-JOUGUET HYPOTHESIS 

The Chapman-Jouguet hypothesis states that 
the detonation wave for which 

(6-81) 

is the one that actually occurs when the reaction 
wave is unsupported. The assumption that the 
flow satisfying Eq. 6-81 is to be identified vrith 
the experimentally observed unsupported 
detonation wave was advanced independently by 
Chapman and by Jouguet. This hypothesis 
selects one state from the continuum of states 
described by the Hugoniot equation and 
compatible with the conservation conditions. 
Consequently, Eq. 6-81 -together with the 
conservation conditions', Eqs. 6-2 and 6-3, and 
an equation of state for the reaction 
products -suffices to determine the detonation 
velocity, the state of the reaction products, and 
their velocity with respect to the detonation 
front These relations thus constitute a theory of 
the detonation wave. It can be used to calculate 
the detonation properties for particular 
explosives, and the calculated values can be 
tested by comparison with experiment. 

Support was given to the Chapman-Jouguet 
hypothesis by the agreement obtained between 
calculated and observed properties of the 
detonation wave for explosives expected to 
conform to the model of one-dimensional flow 
and for which an equation of state is known. 
The detonation wave propagating along a pipe 
filled with an explosive gas mixture appears to 
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fulfill this conditions. For such a system, the 
ideal gas equation of state is sufficiently 
accurate. Of particular interest, because of the 
frequency of citation in the literature, is the 
work of Lewis and Friauf*, who carried but the 
first critical experimental test of theory . They 
treated mixtures of hydrogen and oxygen, 
diluted by various gases, and in their calculations 
they considered the effect of dissociation 
equilibria on the final. composition of the gases. 
Good agreement was obtained between 
calculated and. observed values of detonation 
velocity. The mixtures presented a considerable 
variation in the energy released and in the initial 
density. For this mixture, elementary theory 
adequately predicts the principal properties of 
the detonation wave. 

In theoretical justification of the 
Chapman-Jouguet hypothesis,, strong 
detonations can at once be eliminated, rs states 
to be identified with an unsupported wave. It 
was shown in the last paragraph that strong 


detonations exist only for a supported wave 
where the piston velocity is greater than the 
particle velocity behind a Chapman-Jouguet 
wave. If die piston velocity is less than this 
limiting value, and in particular if the rear 
boundary is either fixed or free, rarefaction 
waves from the rear boundary can eventually 
overtake and attenuate a strong detonation 
because of the subsonic nature of the dow 
behind it. The process of attenuation will cease 
when the wave has decayed to a 
Chapman-Jouguet wave becauw the flow behiri 1 
the wave then becomes sonic. Therefore, we 
conclude that a strong detonation is 
hydrodynamically unstable if the wave is 
unsupported. 

To illustrate this point further, consider die 
hypothetical situation represented by Fig. 6-12; 
in which the piston F, initially supporting a 
strong detonation wave, is suddenly stopped, 
creating at that instant a rarefaction wave that 
overtakes and weakens the detonation wave. The 



Figure 6-11 . A Detonation as a Deflagration With a Precompression Shock 
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initial straight portion of iJ represents the strong 
detonation wave, the later straight portion the 
Chapman-Jouguet wave, and the curved portion 
a transition region. Two particle paths are 
shown, one through the strong detonation and 
the other through the Chapman Jouguet 
detonation. 

Prior to about 1940, when the analysis was 
refined by consideration of the finite extent of 
the reaction zone, weak detonations were 
eliminated by unconvincing plausibility 
arguments. Becker 7 showed that the entropy of 
a strong detonation state is greater than that of 
the weak detonation state with the same 
propagation velocity and inferred that the 
former state is therefore the more probable. 
Weak detonations being thermodynamically 
unstable relative to the corresponding strong 
detonations and strong detonations being 
dynamically unstable, he concluded that the 
Chapman-Jouguet detonation wave is the stable 
one. Scorah 1 showed the Helmholtz free energy 
to be a. minimum for the Chapman-Jouguet 
state. He interpreted this result to mean that the 
Chapman-Jouguet state corresponds to a 


maximum degradation of energy and is therefore 
the most probable one. Commenting on the 
generally unsatisfactory nature of 
thermodynamic arguments of this sort, 
Zeldovich 9 remarked that an increase in entropy 
does not guarantee the existence of a shock; a 
piston to compress die gas is also necessary. 

Brinkley and Kirkwood 10 have treated ,the 
dynwnic stability of the detonation wave by 
considering the energy available in the explosive 
products to support the propagation of the 
detonation front and the hydrodynamic 
conditions, operating in the How behind the 
front. Their analysis is developed In the 
paragraphs which follow. 

The propagation of a detonation front, like 
the propagation of an unreactive shock wave, 
requires a continuous supply of energy from the 
rear. The work done by the medium to the rear 
of the front on the intact medium ahead of the 
front in. the time element dt is P^dt, the 
subscript 1 being used to desipiate conditions 
immediately to the real* of the front at an 
instant of time t x . If we now fix attention on. 
the total mass of explosion products initially 
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Figure 6-12. Attenuation of a Strong Detonation Wave by a Rarefaction Wave 
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contained in the region from the rear boundary 
x q * 0 to the plane x q - x x for times subsequent 
to the instant t x when the wave front reaches 
x x , we note that the total work done by this 
portion of the medium on the medium ahead of 
it, designated W(x x ), is 

*(*,) « / pudt (6-82) 

*1 

where the integral is along the particle path of 
the particles initially at the point Xj . 

The secular behavior of the integrand pu (for a 
given element of the medium) has an important 
bearing on. the behavior of the detonation wave 
when it is in an unsteady state. The proof which 
follows shows that the sign of (3(pu)/9f] Xl , 
determines the sign of the acceleration of the 
wave front 

Defining for the Lagrangian rate of change of 
the quantity pu a time constant p to be 
evaluated at the shock front, i.e., 



we make the arbitrary assumption that p>0 after 
external or self-generated initiation effects have 
died out and the wave has become 
self-sustaining. 

Although this assumption is made a priori , 
there is strong reason to accept its validity. It 
can readily be shown, for example, that this 
condition follows if there is a rarefaction 
immediately behind the detonation front, a 
rarefaction being defined for this purpose by the 
two conditions 


dp 

-T < 0 , 

dt 



> 0 


(6-84) 


Since— in the absence of shocks in the flow— a 
given element of matter remains in an isentropic 
condition, the pressure will decrease when the 
density decreases. Also, the flow velocity will 
decrease when the pressure gradient is positive 
according to the equation of motion. Therefore 
the presence of a rarefaction as so defined is a 
sufficient condition for p to be positive. 

We now proceed to establish a connection 
between this condition on p and the secular 
behavior of an unsteady detonation. 


For inviscid flow without heat conduction, the 
hydrodynamic equations of continuity and 
momentum can be written in terms of a 
Lagrangian space coordinate (see par. 2-6) for 
flow in one dimension in the form 



= 0 


(6-85) 


The Lagrangian coordinate x Q is the position 
of the element of fluid at t * 0 whose position at 
time t is x. The time and Lagrangian.coordinate 
are taken to be independent variables and the 
Eulerian coordinate x is regarded a function 
x(x o ,t) with 

u-gand Po=p(£) (6-86) 

Eqs. 6-85 are supplemented by the entropy- 
transport equation, which is not explicitly 
employed; by initial and boundary conditions; 
and by the conservation conditions across the 
reaction discontinuity which implicitly prescribe 
the path of the.discontiriuity in.theYx 0 ,f)-plane. 
As has previously been pointed out, the 
discontinuity conditions prescribe a 
one-parameter continuum of possible detonation 
states and can be used, when supplemented by 
an equation of state, to express all of the 
detonation properties as functions of any one of 
the properties selected as argument. For 
convenience, the unreacted explosive is assumed 
to be at rest. The second of Eqs. 6-2 can then be 
written 


Pi - P 0 = Po u i D (6-87) 


An operator in which the detonation wave is 
stationary is defined by 


_l-± + Z) JL 

dt 3 t Bx 0 


( 6 - 88 ) 


If Eqs. 6-85 are specialized to the high pressure 
side of the detonation wave and the partial time 
derivatives eliminated with the aid of Eq. 6-88, 
we obtain 
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dp i (dp \ ( p i c i) (bU \ 



where the subscript unity indicates that the 
quantity so designated is to be evaluated 
immediately behind die detonation wave. Since 
the detonation front is assumed to be a 
mathematical discontinuity, the conservation 
conditions across the discontinuity must be 
satisfied whether or not the state behind the 
wave is steady. Eq. 6-87 can therefore be 
differentiated, with the result 


<*Pj P 0 D/du\ 



Also from Eq. 6-88 and the definition of p, we 
can write 

.1 

U 1 \ dt / Pi 

+ £ V - (6 ' 91) 

+ U l V x ol p 




or, in view of the first of Eqs. 6-2 


G « i - [(Z> - «,.)/<:,]* (6-94) 

To determine the sign of the denominator of 
the term in braces of Eq. 6-92, the equation of 
the Rayleigh line Eq. 6-14, can be rearranged 

- D 1 - Pc = Poi> 2 (l - PoV (6-95) 


and differentiated with respect to at constant 
p 0 and p 0 . The resulting expression connects the 
derivative dD/dp 1 with the slope dp x /du 1 of tiie 
Hugoniot curve. When it is simplified with the 
aid of Eq. 6-70 and the definition of g 
introduced, the expression 

* - 4 - p.vi’i)] «**> 

is obtained. Since dp, fdv 1} < 0, g > 1/2. 
Therefore, (1 + g)‘ juju ■ (I + g - G)-- the latter 
being equal to g + [p 0 D/( p^i)] 2 “are positive 
and the denominator of the term in braces of 
Eq. 6-92 is positive everywhere on the Hugoniot 
curve. 

In view of the assumption that p is positive, 
the sign of dpjdt is seen to be opposite to that 
of G. Therefore, it follows that 


dt 


< 0 when p x > p* and D < u % + c x 


dPi 

— = 0 when p x 


= p* and D - 


Eqs. 6-89, 6-90, aiid 6-91 can be solved for 
dp ± /dt in termo of p and the properties of the 
reaction products behind the detonation front. 
The result can be written, 



where 

G= 1- (p o £ ( /(p 1 c 1 )] 2 (6-93) 


“^1 * 

— > 0 when p. < pz and D > u + c 
dt 1 

where p* is the pressure behind a 
Chapman-Jouguet detonation wave. 

This analysis indicates that both strong and 
\yeak detonations are dynamically unstable and 
tend with time to the Chapman-Jouguet state. It 
also indicates that the Chapman-Jouguet state is 
stable since its properties do not change with 
time. In particular, it is demonstrated that the 
propagation velocity of the Chapman-Jouguet 
detonation is constant, a result that is in accord 
with experimental observations. The analysis 
must, however, be regarded a plausibility 
argument since it is subject to the basic 
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assumption that was made with respect to the 
nature of the flow behind the detonation wave. 
We defer to a later chapter further consideration 
of the Chapmari-Jouguet hypothesis and now 
examine the results that can be obtained with 
the theory that has been formulated. 


D - u x + Cj (6-100) 

Eliminating the particle velocity u x with the 
aid of Eq. 6-97, we obtain an alternative 
expression 

D * Pi^/Po (6-101) 


6-6 THEORY OF THE DETONATION 
VELOCITY AND OF THE 
THERMODYNAMIC STATE OF THE 
EXPLOSION GAS 

When supplemented by an equation of state of 
the reaction products and the Chapman-Jouguet 
hypothesis,, the conservation conditions across 
the detonation wave suffice to determine a 
unique final state, flow velocity, and 
propagation velocity when the state of the 
unreacted explosive is specified. In this 
paragraph, we assemble these relations and 
effect a partial reduction of the equations. By 
using thermodynamic relations of general 
validity* we formulate the general 
one-dimensional theory of the detonation 
velocity and detonation properties. We assume, 
without loss of generality, that the unreacted 
explosive is at rest with reference to a stationary 
origin of coordinates. 

The conservation conditions across the 
detonation wave have been expressed by Eqs. 
6-2 and 6-3. For the explosive at rest with u 0 = 
0, these relations can be written 

PoD * P X {D - u x ) (6-97) 

P, - Po - PoD 2 (l - P 0 v t ) (6-98)- 

e a - *„ = ^(Pj - P o )(v 0 - v t ) (6-99) 

The first of these expressions is the equation for 
the conservation of mass and is identical with 
the first of Eqs. 6-2. The second, which is the 
same as Eq. 6-95, can be obtained by rearranging 
the equation of the Rayleigh line, Eq. 6-14, and 
is the result of combining the equations for the 
conservation of mass and momentum. The third 
is the Hugoniot equation, Eq. 6-3, which is the 
result of combining the equation for the 
conservation of energy with the mechanical 
conservation conditions. 

The Chapman-Jouguet hypothesis results in a 
supplementary condition, Eq. 6-18, 


It is convenient to eliminate the speed of sound 
by the introduction of the adiabatic exponent /c 
defined by 


k - (3 fin p/d fin p) t 


(6-102) 


in term^of which the speed of sound is given by 
c ” y/iqplp (6-103) 


The adiabatic exponent is a function of the 
thermodynamic state of the gas. For an ideal 
gas, it is equal to the ratio Of the heat capacity 
at constant pressure to the heat capacity at 
constant volume. With the aid of Eq. 6-103, Eq. 
6-101 can be transformed to 


D 2 - KjPjPj/P* 

K i = 


(6-104) 


Eq. 6-104 can be employed to eliminate the 
detonation velocity from Eq. 6-98. We then 
obtain the result 


1 - 


P JL 

Pi 



(6-105) 


We have obtained from Eqs. 6-97 to 6-100 a pair 
of expressions, Eqs. 6-97 and 6-104, from which 
the detonation velocity and particle velocity of 
the reaction products can be calculated after the 
pressure p x and specific volume v x of the 
reaction products have been determined, i.e. t 

D = W k iPiP7 

(6-106) 

Uj = D(1 - p,,^) 

and a pair of expressions, Eqs. 6-99 and 6-105, 
involving thermodynamic quantities only 

V e ° = + Po)( v o “ 


1 " PolPx = ^(p^o - 1) 


(6-107) 
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that suffice to determine p x and v x . We must 
now consider the solution of the latter pair of 
equations. 

Eqs. 6-107 contain two functions of the state 
of the reaction products, the specific energy e x 
and the adiabatic exponent k xi whose 
dependence on the state variables p x and v x is 
made explicit by the introduction of an 
equation of state. As a;practical matter, it is not 
convenient to express either of these quantities, 
either analytically or by means of tables, 
directly in terms of these two state variables. 
Consequently, the equation of state introduces 
an additional state variable— e.g., the entropy or 
temperature— and Eqs. 6-107 are then to be 
solved simultaneously with the equation of state 
‘for the three state variables. Since the Hugoniot 
equation, expresses a condition on the energy of 
the reaction products and since the energy is the 


characteristic thermodynamic function for 
systems described in terms of entropy and 
volume, it would be consistent to employ an 
equation of state having entropy and volume the 
independent variables. However, again as a 
practical matter, the thermodynamic data to be 
employed in the evaluation of the energy 
difference e x -e o are of such a nature as to 
require the selection of temperature as an 
independent state variable and the form of 
equations of state for non ideal gases makes 
appropriate the selection of the volume as the 
second independent state variable. The effect of 
this choice of variables, which is an unnatural 
one from a thermodynamic viewpoint, is to 
confer on the resulting set of equations a degree 
of algebraic complexity thut is not required of 
the formal presentation of the theory. A method 
for their solution is presented in Appendix F. 
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CHAPTER 7 APPLICATION OF THEORY TO CONDENSED EXPLOSIVES 


7-1 INTRODUCTION 

It has been noted in Chapter 5 that the 
detonation velocity of solid and liquid 
explosives is observed to be in the range 4000 to 
8000 m per sec, and that for a given explosive in 
cylinders of large diameter the detonation 
velocity is very nearly a linear function of the 
initial bulk density. Since the pressures and 
temperatures of the reaction products at the 
detonation wave front lie far outside of the 
region that can be explored by ordinary 
experimental methods, the variation of 
detonation velocity with initial density has 
constituted the chief experimental fact for 
determining the pressure, density, and particle 
velocity. In recent, years, this evidence has been 
supplemented by isolated experimental 
determinations of the detonation pressure. 
However, it is necessary to employ the theory to 
evaluate the state of the detonation products at 
any point other than that for which a direct 
experimental determination is available. 

Since 1940, a large amount of has been 
done in an effort to formul e * generally 
applicable equation of state to supplement the 
hydrodynamic equations of the theory of the 
detonation wave. The work had the objectives of 
determining the physical and chemical 
properties of the detonation gas in sufficient 
detail so as to make possible the evaluation of its 
thermodynamic state behind the detonation 
front and during its isentropic expansion from 
the detonation state. The latter information is 
necessary for the solution of flow problems 
when the initial boundary conditions are 
determined by the detonation wave. 

In much of this work, the theory has been 
employed in an inverted form-using 
experimental values of the detonation velocity 
and, when available, of the detonation 
pressure— to evaluate the parameters of an 
equation of state of assumed form. The equation 
of state obtained in this way can be employed to 
evaluate the unknown properties of the 
detonation wave in the explosive for which the 
equation was calibrated. If the parameters of tb'c 
equation can be related to the basic molecular 
parameters of the explosive and if the form of 
the equation is sufficiently general, the theory 


can be used to predict the properties of other 
explosives. 

Attempts have been made to employ 
theoretical equations of state, based on 
molecular models, for a priori calculations of the 
detonation velocity and the properties of the 
detonation products. The most interesting of 
these efforts has entailed a very substantial 
degree of algebraic complexity in the resulting 
computational procedure. The theoretical 
approach is of great interest as a program of 
basic research in the theory of the properties of 
matter at high temperature and very high 
density. It may provide valuable qualitative 
guidance in the formulation of empirical 
equations in relatively simple analytical form 
that are in at least approximate agreement with 
the requirements if basic theory. As a 
computational procedure to evaluate detonation 
properties for practical applications, the 
theoretical approach has been disappointing. 

The inverse procedure, involving the 
calibration of an equation of state of assumed 
form by experimental values of the detonation 
velocity, has been pursued with much 
elaboration of mathematical and numerical 
detail. The parameters of the equation of-siate 
depend upon the composition of the gas. The 
latter, if not assumed a priori on the baais of a 
conventional reaction scheme, are determined 
by the thermodynamic equilibrium conditions 
which depend on the equation of state. 
Furthermore, it is necessary to conduct the 
calculation of equilibrium composition and 
evaluation of the thermodynamic properties of 
the gas with the temperature as an independent 
variable, even though this state variable is an 
unnatural choice from the point of view of the 
hydrodynamic equations themselves. The 
introduction of the temperature as a parameter 
of the problem leads to a degree of algebraic 
complexity that is absent from the fundamental 
equations. Because the simplifying assumptions 
employed by different workers have varied, the 
literature contains a variety of results on the 
properties of the detonation products; 
consequently, a comprehensive review of the 
field is impossible within the scope of this 
chapter. 
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In some applications, estimates of the 
detonation properties and to first order of their 
variation with the parameters of the system, e.g., 
the heat or energy of explosion and the initial 
density, will suffice. Such calculations do not 
justify elaborate computational procedures 
requiring computers and they will usually be 
based on an a priori specification of composition 
by means of a conventional decomposition 
scheme. In such calculations, simplicity of 
procedures is of greater importance than full 
mathematical rigor, and the equation of state 
may be of physically unrealistic form provided 
the properties of basic interest are not seriously 
effected thereby. 

In other applications, it may be desired to 
secure the most precise evaluation of the 
detonation properties that is possible. Such 
calculations will usually, at this time, be 
conducted on computers. It will commonly be 
required that the composition of the gas satisfy 
the thermodynamic equilibrium conditions and 
that the equation of state have a form that is 
physically plausible. A computational procedure 
ihat.is suitable for use on an computer is usually 
different from one that is suitable for desk 
calculation, in that iterative methods of solution 
are extensively employed to reduce the 
complexity of the program. 

In this chapter several equations of state 
suitable for the two types of application are 
described. In the case of the forms that are 
suitable for rapid estimates, the solution of the 
hydrodynamic equations is developed in some 
algebraic detail. In the more elaborate case, the 
solution is extremely laborious when conducted 
by hand, and we give explicit equations in the 
form in which they are conveniently utilized in 
the formulation of a computer program, 

7-2 THE ABEL EQUATION OF STATE 

The simplest of tne various empirical 
equations that seek to describe the dependence 
of the p ressure of nonideal gases on temperature 
and volume is that of van der Waal’s. In the 
form, due to Abel, that is appropriate for 
applications at high temperature, it can be 
written 

(7-1) 


in which a is a constant volume correction or 
covolume for unit weight of gas. This equation 
was first employed to solve the Hugoniot and 
Chapman-Jouguet equation* by Taffanel and 
D’Autriche 1 and it has been extensively used in 
connection with calculations for condensed 
explosives by Schmidt 2 . The Abel equation can 
be obtained as the low density limiting form of 
the equation of state of a gas at high 
temperature composed of hard spheres. 
Therefore, it can be expected to describe the 
nonideal behavior of gases only if the specific 
volume is large compared to the covolume 
constant. This quantity turns cutto be of thesame 
order of mafcurude as the specific volume of the 
explosion gases from conventional explosives at 
customary values of the initial density. 
Consequently, a theory of the detonation 
velocity based on this equation of state can be 
expected to yield accurate results only at initial 
densities that are much lower than those of 
practical interest for condensed explosives. In 
spite of this fundamental limitation, such a 
theory is of practical value because it yields 
simple relations giving useful estimate* of. the 
detonation properties. 

Application of the general relations of Chapter 
2 for the nonideal gas correction to the 
thermodynamic properties of the explosion gas 
leads to the result that e(v,T) ■ e°(T) t i.e., that 
the gas is thermodynamically ideal with a 
specific energy function independent of the 
specific volume, a function of temperature only, 
aud equal to the specific energy function of the 
ideal gas at the same temperature. It follows that 
c * c° and y * c /c v - 7 0 for a gas described by 
tfie A&l equation of state, where the superscript 
zero refers to the ideal gas and c p and c v are the 
specific heats of the gas at constat pressure and 
constant volume, repectively. Furthermore, 

h(p.T) « e + pv - h*{T) + op 

K ** 7° v/(v - Of) 

where h° is the specific enthalpy function for 
the ideal gas and k is the adiabatic exponent, k 
55 (9 fin p/d fin p),, 

In par. 6-5, it was shown that the detonation 
pressure p t and detonation specific volume are 
determined by the solution of Eqs. 6-107 


p(u-a) « nRT 
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-(P, + Po* V o - «1> 


(7-3) 



1 - PjPx -«A u o- « ) 

When these relations have been supplemented by 
an equation of state and solved, the detonation 
velocity D and particle velocity u x can be 
evaluated by Eqs. 6-106 


D = v o ywl (7 . 4) 

£(1~ Po V v ) 

With a condense:* explosive, the pressure p l is 
the order oMO 4 to 10 6 atm. Therefore, p o cap 
be neglected in comparison to p*. With this 
simplification and with the introduction of the 
enthalpy function and the. heat of reaction q, 
defined by Eq. 6*8, Eqs. 7-3 can be written 


ft°(j’ 0 )- 1 + |-p 1 ^ + u ,) 
^ - !) ” 1 


(7-5) 


By use of Eqs. 7-2 and introduction of the 
average specific heat at constant pressure 

^ (n - T o ) - h°(T x ) - h°(T 0 ) (7*6) 


Eqs. 7-5 become 

cf (T x - T Q ) 

M 7 + P x iv 0 + v t - 2a)/2 


(7- r j 


u, * (u o y x ° t aj / (7i 0 + 1) (7-8) 

Eq. 7-8 is the desired expression for the specific 
volume of the explosion gas in the 
Chapman-Jouguet detonation stats. When the 
pressure is eliminated from Eq, 7-7 by means of 
the equation of state and the specific volume o % 
by means of Eq. 7-8, we obtain 


1 

t 0 



- 1 


jl! 

2 7i °J 



(7-9) 


where q' * q + nRT o -.p o v o « q + nRT is the 
energy of explosion. It will.be noticed that the 
temperature 71 is a constant independent of the 
initial density. Because of the fo< 'n of the Abel 
equation of state, these expressions for the 
temperature are the fame as th6k v that would be 
obtained with the ideal gas equation of state. (In 
fact, Eq, 7-9 can be obtained from Eqs. E-lO by 
neglecting p Q compared to p x , as «re have done 
here, and substituting the ideal gas equat ; ph. of 
state.) 

The specific heats and the heat capacity ratio 
are slowly varying functions of temperature. Eq. 
7-9 or 7-10 is easily solved by iteration. The 
specific heat and the ratio 7 0 are evaluated for 
an approximate value of the temperature, ah 
improved value of the temperature is obtained 
by. solution of one or the other of the equations, 
,\nd the process is repeated until successive 
approximations are in satisfactory agreement. 
Application of the theory based on the Abel 
equation is not usually of sufficient accuracy to 
justify a calculation of the equilibrium 
composition of the explosion gas. If a special 
application is r,uch as to justify this elaboration, 
the composition may be adjusted at each stage 
of the iteration by a calculation of the 
equilibrium composition at the approximate 
values of the temperature and specific volume of 
the detonation state, using the methods 
described in Chapter 2, The activity coefficients 
f that are needed for the calculation are easily 
snown to be /j. * v/(v - a), independent of 
temperature and composition. It wiu usually 
suffice to base the application on a conventional 
composition as described in Chapter 3. 

By substitution of the equation of state and 
Eq. 7-8 into Eqs. 7-4 and the second of Eqs. 7-2, 
expressions for the detonation velocity, particle 
velocity, and adiabatic exponent of the 
detonation products are obtained. 





An alternative form, because C° p ~ C° + nR t is 


k % » (7® +«p*)/( 1-aPo) 


(7-11) 
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For an explosion gas described by the Abel 
equation, the particle velocity u x is independent 
of the initial density p o . 

It is a convenient computational device to 
define hypothetical • ‘ideal” detonation 
properties calculated for the actual explosion gas 
composition arid initial density but with the 
ideal gas equation of state. If such quantities are 
designated with a superscript zero, expressions 
for their calculation are obtained at once from 
Eqs. 7-11 by setting a * 6. Thus, when the 


explosion products are described by the Abel 
equation, T x * TJ and u l 


uj, we can write 


■ 1 + “Po/Ti 


(7-12) 


D/D° » (1 - ap 0 ) 


where 


If » (7,° * 1) ytnHTf ~h° 





and where T? is obtained by the solution of Eq. 
7-9 or 7-10. 

An approximate solution of Eq. 7-10, 
sufficiently accurate for estimates of the 
detonation properties, can be obtained by 
factoring the term c°/nR from the coefficient of 
T x /T o and assuming that the heat capacity is 
independent of the temperature in evaluating 
the remainder. If, in addition, we neglect c° v T o 
compared to g, we obtain 

T, ^ + (7-14) 

Substituting this expression into Eqs, 7-1 and 
7-11 and using Eq. 7-8, we obtain 



Uj = V 2 «'(7° + l)«fl/c“ 


(7-15) 


which, together with Eq. 7-8, can be used to 
furnish estimates of the detonation properties, if 
a value of the covolume a is known. A useful 
relation is obtained by eliminating q between 
the first two of these equations 

which can be used to estimate the detonation 
pressure from an experimental value of the 
detonation velocity if the covolume a is known 
One can estimate the covolume constant by 
comparison of an observed detonation velocity 
with a value calculated by the first of Eqs. 7-11. 
This procedure is not strictly consistent with the 
assumptions on which that equation are based 
since it will be found that the covolume, assumed 
in the derivation to be constant* depends upon the 
initial density. It does, however provide a simple 
method of estimating the 
properties of the explosion gas when a 
detonation velocity has been (experimentally 
determined that is superior to a votal neglect of 
the effects of gas imperfection. If the detonation 
velocity has been measured as a function of the 
initial density, the quantity g o * 1 + dfinD/dfin 
p can L/c evaluated from the experimental data. 
By differentiation of the first of Eqs. 7-11, we 
obtain the result 

«* (8 0 ” l)/(Po*o) (7-17) 

By substitution into Eqs. 7-8, 746, and the 
third of Eqs. 7-11, we obtain the relations 


“i * ^(7,° + 1) - 1 



that depend only on observed quantities and on 
die heat capacity ratio for which a sufficiently 
accurate estimate can be made for an 
approximate composition and an approximate 
temperature. 

The application of these approximate 
equations can be illustrated by a calculation for 
Composition B consisting of 64% EDX, 35% 





i 

i 

J 

i 
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TNI, and 1% wax, by weight. The detonation 
velocity for this mixture is accurately known 
and the adiabatic exponent k x has been 
evaluated experimentally at a single initial 
density. These data suffice for the evaluation of 
experimental values of the detonation pressure, 
density, and particle velocity at the initial 
density for which the adiabatic exponent is 
known. According to Deal 8 , the experimental 
values of the detonation velocity can be 
represented by 

D -2639 + 3127p o 

where D is in m/sec and p is in g/cc. At p * 
1.714, Deal reports that k x * 2.77. ° 

We employ the conventional decomposition 
scheme 

C 4 . 4 H 5 . 7 ° 6 N 4 . 9^ 4 * 4CO+1 - 25H 2 

+ 1.8H 2 0 + 2.45N 2 

to define the composition of the explosion 
products, according to which the oxygen is 
considered to react fiwt to form CO and then to 
the extent possible with hydrogen to form 
water. This reaction yields 0.0434 mole of 
gaseous products per gram of explosive and an 
energy of explosion q ' * 1,068 kcal/g at 25 6 C. 
The ratio y° * 1.25 between 3400° and 
5000° K. The results of the calculations are 
summarized in Table 7-1. 

The unexpectedly good agreement between the 
estimates and the experimental values at p o ■ 
1.714 is unquestionably fortuitous, and° it 
cannot be assumed that equally good agreement 
would extend to lower initial densities, were 
experimental values to be available. The 
comparison does imply that very useful 
estimates can be obtained by simple calculations 
when experimental values of the detonation 
velocity are available. 
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7-3 DETERMINATION OF THE 
DETONATION STATE FROM 
VELOCITY DATA 

The usual procedure for formulating an 
equation of state descriptive of the detonation 
products of condensed explosives has involved 
the assumption of an analytical form of the 
equation and the evaluation of its parameters 
from experimental values of the detonation 
velocity. It has sometimes been erroneously 
claimed that the fact that this program can -be 
accomplished implies that the assumed form of 
the equation of state is valid and that the 
thermodynamic properties calculated with its 
aid are accurately evaluated. It turns out that 
various different, forms of the equation lead to 
approximately the >same values of those 
variables, that are explicit in the hydrodynamic 
equations but to widely different values of those 
variables, such as the temperature, that appear as 
parameters of.toe problem. 

It is instructive to consider the general 
problem of determining the thermodynamic 
state of detonation pues using the 
hydrodynamic theory arid an experimental curve 
D ■ Fj(p J. ISqs. 7-3 and the first of Eqs. 7-4 can 
be rearranged. to the form 


’Potfa - p,^) 

** - - ViB*(l - p.vj 


(7-19) 


where the Chapman-Jouguet equation is written 

K i s Po v i/(l ~ Po v x ) (7-20) 

In these expressions, we have without loss in 
generality neglected the initial pressure p o 
compared to the detonation pressure p x . The 
equation of state is customarily taken to be an 
expression of the form 


TABLE 7*1 ESTIMATES OF THE DETONATION PROPERTIES OF COMPOSITION B 




P 0 .K/c c 


go 


a, cc/g 


p r g/cc 


p r »tm 





Eq. 7-18 

Exp. 

Eq. 7-18 

Exp. 

Eq. 7-18 

Exp. 

Eq. 7-11 

Eq. 7-14 

1.0 

1.543 

0.352 

2.47 


1.404 


94.5 


4370 

4060 

1.25 

1.597 

O.S02 

2.61 


1.723 


146 


4370 

4060 

1.5 

1.64Q 

0.260 

2.69 


2.060 


216 


4370 

4060 

1.714 

1.670 

0.234 

2.76 

2.77 

2.338 

2.335 

289 

290 

4370 

4060 
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p - p(v, T y .... n r ..) (7-21) 

expressing the pressure as a function of the 
temperature, specific volume, and the mole 
numbers of each constituent of the mixture- of 
reaction products. The mole numbers n { may be 
fixed a priori by an assumed composition or 
determined as functions of specific volume and 
temperature by Eq. 7-21 together with the 
equilibrium conditions. Either ease implies the 
existence of an.implicitiy defined function 

P * P(v, T) (7-22) 

By means of the laws of thermodynamics, the 
entropy of the detonation products is 
determined as a function of specific volume and 
temperature 

8 - 8(v, T) (7-23) 

and Eqs. 7-22 and 7-23 together imply the 
existence of an implicitly defined function 

P * P(v, s) (7-24) 

The usual program for determining an equation 
of state in the form of Eq. 7-21, subject either 
to the equilibrium conditions or to an a priori 
specification of the composition, is the formal 
equivalent- of determining function 7-24 for 
given values of p o ,e r , and D - D(p 0 ) by means 
of Eqs. 7-19,° 7-20 and the laws of 
thermodynamics. By use of the thermodynamic 



and the definition 

K * -(3 fci p/d & u) # 

Brinkley 4 has pointed out that the Jacobian 



vanishes at the point (p x ,v t ) satisfying Eqs. 
7-19 and 7-20. This means that these equations, 
the thermodynamic relations, and the observed 
data can be satisfied together with any arbitrary 
function s * t(v) or T * T(v ). The program of 
evaluating the thermodynamic state is thus 


indeterminate in general, and determinacy 
requires the introduction of some restriction 
having the effect of specifying the arbitrary 
function. This is accomplished by assuming a 
form for the equation of state but the 
experimental data provide no criterion for the 
correctness of the assumption. 

Jones 6 has remarked that Eq. 7-22 represents 
a surface in the p,v t T space and that the 
maximum amount of information that can be 
derived from a D(p o ) relation would fix a line of 
a certain length on this surface. Thus, when one 
attempts to analyze detonation velocity data by 
fixing on one surface by the assumption of an 
equation of state, the result is largely arbitrary 
since there are evidently any number of surfaces 
which contain the same line. Jones concludes 
that very little information about the form of 
the equation of state can be obtained from 
detonation velocity data but that if a form is 
assumed, then the values of its parameters can in 
general be determined; It follows that the 
assumption of a form of equation must be 
guided in the main by considerations of physical 
plausibility. 

The first of Eqs. 7-19 defines a ruled surface in 
Pj, v X y u o space. The second of these equations 
determines a curved surface in the .same space 
which, according to the Chapman-Jouguet 
theory, touches the ruled surface along a line 
* P x ( v 0 ), v x “ v (v 0 ) that can be called the 
Chapman-Jouguet locus. In an investigation of 
the properties of gases that can be deduced from 
measurements of the detonation velocity, Jones 
has deduced from this geometrical circumstance 
a relation that is of great practical value. Eqs. 
7-19 are written in implicit form 

f(P V V 1 > U o) “ P,^ (1 - Po^) - Pi = 0 

G{p v v lt v 0 ) - e x - e 0 - 'Apjl - p„v x ) - O' 

(7-25) 

The condition that the surfaces defined by these 
equations be in contact is that at any point of 
contact the direction cosines of the normals to 
the two surfaces be equal. This condition leads 
to two relations 

(OF/a^/tajyaPj) - (aG/a Ul )/oo/a Pl ) ( 

(OF/auj/faG/a^) = (dmv^KdG/duj 


On evaluation of the derivatives, the first 
relation leads to Eq. 7*20 which is ah expression 
of the Chapman-Jouguet condition. The second 
relation leads to a new result. Defining a 
thermodynamic quantity A by 


and noting the thermodynamic relation 


I ( a + i\ 
» W„ K \ 

Jones obtained the relations 
P x - A,-D 2 /0?o(2 + X)] 

. -I t M 

1 Po [ «,( 2 + X)J 
^ + f /[?o 2 (2 + X) j 
*■1 “ « 0 (2 + X ) - 1 


from the second of Eqs. 7-26, together with Eqs. 
7-19 and 7-20. Furthermore, from the second of 
Eqs. 7-4 

2 + X)3 (7-30) 

In these expressions, g * 1 + d9n D/d%np ot as 
defined and employed m the last paragraph. 

The utility of these relations resides in the fact 
that A contains all of the thermodynamic 
information that is required when the 
detonation velocity is known experimentally 
and g 9 can be evaluated. Jones shows that this 
quantity is essentially positive so that Eqs. 7-29 
and 7-30 with A * 0 provide upper limits top 1 , 
and u x and lower limits to u J and K x , 
Furthermore, Jones shows that A is insensitive to 
the for.'x of the equation of state and that it lies 
in the 0 < A « 2. Rather accurate 

estimates of A can be made with approximate 
equations of state, thus making possible the 
direct evaluation of those properties of the 
detonation products that are of principal 
interest in studies of their subsequent flow. 
Using available equation of state data for 


nitrogen, Jones estimated that A is not likely to 
be greater than 0.25. 

In par. 7-2, reference was made to the 
experimental determination by Deal of the value 
of the adiabatic exponent for Composition B at 
an initial density p o = 1.714 g/cc. The 
measurements made in, this investigation 
permitted the evaluation of the pressure as a 
function of specific volume along the isentrope 
passing through the Chapman-Jouguet point. 
The experimental data were quite well 
represented, particularly in the neighborhood of 
the Chapman-Jouguet point, by the simple 
adiabatic law 

p, = Pl (v/v* f K , k* = 2.77 (7-31) 

with constant adiabatic exponent, where p f * 
P(v>*i) * Pju) the pressure on the isentrope 
passing through the experimental 
Chapman-Jouguet point (p{, v*). Along an 
isentrope obeying Eq. 7-31, the. specific energy 
is given by 

e, - e* + (p ( i) - p* v* )/(*? - 1) (7-32) 

where e f * ) and e 1 * e(p{, v{). (We have 

employed an asterisk to designate properties at 
tho experimental Chapman-Jouguet point for p 0 
* 1.714 g/cc.) 

The equation of state of the detonation 
products could be determined if, in addition to 
the known isentrope, the energy were known on 
a single nonistentropic curve in the same region 
since the rate of change of energy along an 
isentrope is defined by the first law of 
thermodynamics and the nonisentropic curve 
would provide initial data for the integration. 
Fickett and Wood 6 have shown that the 
isentrope and the Chapman-Jouguet locus 
passing through the experimental point (p v v x ) 
lie close together in the 0,u>plane. They 
expand the energy as a Taylor series in the 
pressure about the point on the isentrope having 
the same specific volume and assume that the 
expansion can be terminated after the term of 
first order. For points near the experimental 
isentrope, this assumption leads to an equation 
of state 


e(p, u) = e, + |i .(jj - Pl )v 


)vj 


•V 
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where ft is the value on the experimental 
isentrope of the quantity 


1 /de\ 

» W/„ 


(7-34) 


The Chapman-Jouguet locus for varying initial 
density is completely determined by Eqs. 7-28 
to 7-34. Fickett and Wood have obtained the 
solution by nir erical methods. The original 
paper should be consulted for details. Their 
results for the coefficients ft k , and X are listed 
for several values of the initial density in Table 
7-2. The values of the other detonation 
properties can be evaluated at once by means of 
the basic hydrodynamic equations previously 
given. 

The results listed in Table 7-2 depend only on 
the validity of Eq. 7-33; are independent of any 
assumptions regarding the form of a temperature 
explicit equation of state; and did not require 
evaluation of the composition of the product 
gas. Eq. 7-33 is correct to terms of first order in 
the increment (p - p ( ) and is probably a ve*y 
good approximation when employed to 
determine the Chapman-Jouguet locus since that 
curve lies close to the experimental isentrope. 
Although the numerical solution of the equation 
is tedious, this method is probably the best 
available for the calculation of p 19 v xt and K 1 as 
functions of p o along the Chapman-Jouguet 
locus. Its application requires the availability of 
an experimental Chapman-Jouguet point and, in 
the absence of an experimental isentrope, the 
further assumption that the isentrope can be 
represented by equations in the form of Eqs. 
7-31 and 7-32. Additionally, the calculations 
summarized in Table 7-2 can be employed as a 
criterion for the physical plausibility of assumed 
analytical forms of the equation of state. 


7-4 MODIFICATIONS OF THE ABEL 
EQUATION 

When the simple Abel equation of state with a 
constant covolume was employed by Schmidt 2 
and others to describe the detonation products 
of condensed explosives, it was found that the 
covolume, evaluated to secure agreement with 
experimental detonation velocities, is a function 
of the initial density. This theoretical 
inconsistency should have led the early workers 
to reappraise the analysis. and it has led 
subsequent workers to remove the inconsistency 
by adopting less restrictive assumptions. The 
Abel equation 

p(v - a) = nRT 

can be made to describe the state of any 
substance if a is a suitably prescribed function 
of two state variables, e.g., a * a (p,v).. However, 
it was shown in the last par. 7-3 that a curve 
D(p o ) does not provide sufficient information to 
evaluate the function a in this generality, and 
some restriction must be placed upon it. 
Restrictions that are sufficient, but less 
restrictive than the specification a * constant 
employed in par. 7-2, are a* oc(v } or a * a (p). 
The first of these has been employed by Cook 7 
in extensive calculations. The second has been 
employed by Jones in calculations for the 
explosive PETN. 

Cook employs a modified Abel equation of 
state in the form 

pO-.a(i/)] =nRT (7-35) 

According to this equation 



TABLE 7-2 THE DERIVATIVES ft K, AND X ALONG THE CHAPMAN-JOUGUET 
LOCUS FOR COMPOSITION B 



£ 

K 

X 

1.714 

1.77 

2.77 

0.256 

1.6 

1.79 

2.74 

0.257 

1.4 

1.82 

2,67 

0.260 

1.2 

1.86 

2.59 

0.262 

1.0 

1.91 

2.50 

0.266 
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so that a gas described by Eq. 7-35 can belaid 
to be thermodynamically ideal with e(v,T) ~ 
e°(T), c v = c° Furthermore, the specific 
enthalpy h * e + pv * e° + nRT + poc(v) - h° + 
pot(v) so that c p - c° and y * c,/c w * y° . At the 
high density of the detonation products, one 
would expect the specific energy function to 
have a substantial contribution from the energy 
Of gas imperfection arising from repulsive terms 
in the intemiolecular potential junction. This 
expectation is confirmed by molecular theories 
of the properties of dense gas, such as that of 
Lennard* Jones and Devonshire, which is at least 
qualitatively correct. The consequence of Eq. 
7-35 that is expressed by Eq. 7-36 does not 
appear, therefore, to be physically plausible. 

The adiabatic exponent k can be evaluated by 
Eq. 7-35 and the relation 



We obtain the expression 


(7-38) 


where ot' (v) is the derivative of a with respect 
to v. Eqs. 7-3, with the neglect of p o compared 
to p x , become 


v x « (4,r + aj/cr + 1) 



where 


r = 7® [1 + o^(i>)] (7-40) 

and where cf - [e^T, )-e°(T 0 )]/(T t - TJ is an 
average specific heat at constant volume and q ' 
is the energy of explosion. It may be noted that 
Eqs. 7-39 have the same form as the solutions of 
Taffanel and D’Aufeckihe 1 for the unmodified 
Abel equation of state, Eqs. 7-8 and 7-10, with 
the quantity V replacing the heat capat .ty ratio 
y°. Eqs. 7-4 can be written 



The adiabatic exponent can be evaluated with 

K x - <r + ctp 0 )/(l - ccp Q ) (7-42) 

Eqs. 7-41 and 7-42 are analogous to Eqs. 7-11 
based on the Abel equation of state. 

Cook has applied Eqs, 7-39 through 7-42 to a 
large number of explosives. His method of 
calculation was iterative, commencing with the 
solutions based on the Abel equation. At each 
state of the iteration, he calculated the 
equilibrium composition of the detonation 
products. He has in this way determined the 
function ct(v) from the experiment D(p o ) for 
the explosives considered. He concludes that the 
function ol(v) found in this way is independent 
of the composition of the detonation gas and 
may be used for the a priori calculation of 
detonation properties. The function ot(v) as 
determined by Cook is shown in Fig. 7-1. Some 
of the results obtained with this equation of 
state are listed in Table 7-3. 

If Cook’s equation of state is to be employed 
in a forward calculation of the detonation 
properties, the calculation must be performed 
by successive approximations. The 
Taffanel-D’Autriche 1 solutions expressed by 
Eqs. 7-8 and 7-10 provide a convenient first 
approximation. If die calculation is to be 
elaborated by the assumption Ihat the 
detonation products are in equilibrium, the 
compositions can be adjusted at each stage of 
the iteration by an equilibrium calculation 
employing the methods detailed in Chapter 2. 
The activity coefficients ft, appropriate for an 
equilibrium calculation at specified temperature 
and specific volume, are given by 



(743) 


and have been tabulated by Cook. These 
coefficients are independent of composition and 
temperature and, as noted in Chapter 2, result in 
a calculation of the equilibrium composition 
that is no more difficult than that for an ideal 
gas. 

Jones has employed a modified Abel equation 
of state in the form 

p[u - Ci{p)] - nRT 


^JnRTjr 
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TABLE 7-3 DETONATION PROPERTIES OF SOME PURE EXPLOSIVES 7 



Po’ 

V 




Pi> 

Explosive 

g/cm 3 

cm 3 /g 

moles/g 

°K 

m/sec 

10 3 atm 

PETN 

1.0 

0.725 

0.0352 

5350 

1540 

85 


1.6 

0.478 

0.0349 

5700 

1820 

225 

RDX 

1.0 

0.723 

0.0405 

5250 

1660 

95 


1.6 

0.469 

0.0405 

5750 

2000 

255 

TNT 

1.0 

0.740 

0.0331 

3700 

1250 

60 


1.6 

0:505 

0.0245 

4170 

1340, 

150 

Tetryl 

1.0 

0.752 

0.0370 

4200 

.1340 

75 


1.6 

0.485 

0.0355 

4700 

1670 

200 


and applied it to the explosive PETN. According 
to this equation 


i\ /dtA 

‘ = u - T “ 

Yr wJ, 


■ot(p) 


(7-45) 


so that a gas described by Eq. 7-44 has the 
specific enthalpy and energy functions 


h = h u (T) + / <x(p)dp 


1 


/ 


e = <? (T) + / ot(p)dp - pa{p) 


(7-46) 


andcj^cj, c v ®c2, i^Cp/c^rf. Since this form 
of equation predicts a contribution to the 
energy from gas imperfection, it appears 
intuitive, y to be a more plausible form than that 
employed by Cook. 

This equation of state appears to have been 
applied only to the explosive PETN. For this 
material, Jones has employed the detonation 
velocity data of Friederich 8 to evaluate the 
function a(p). For an equation of state of the 
Msumed form, the coefficient X, defined by Eq. 

7-n* X = 7 0 - 1 (7-47) 


and it may be regarded a constant to a good 
approximation. Then by means of Eqs. 7-29, the 
detonation properties can be evaluated directly 
from the experimental D(pJ curve. Using Eqs. 
7-29 and 7-46, Jones shows that a(p) can be 
evaluated by the numerical solution of 


P «(P) 


(7-48) 


■•W* /M? 


where ❖ is a function of p given parametrically 
in terms of p o by 


(1 + X)* - 


D 2 

2(2 + X) 


2 *> 


X q* (7*49) 


together with the first of Eqs. 7-29, where q ' is 
the energy of explosion. Jones’ determination of 
the function ot(p) for PETN is shown in Fig. 7-2. 
Calculated values of the detonation properties 
are listed in Table 7-4. The energy of gas 
imperfection resulting from this form of the 
equation of state is shown in the last column of 
the table. The quantity increases strongly with 
increasing initial density and is responsible for 
the downward trend of the temperature. 

The Jones modification of the Abel equation 
of state does not appear to have been applied to 
other explosives, and its application at the 
present Lime to an a priori calculation would 
require an assumption thr.t the function a(p) is 
independent of composition. If such an 
assumption should tum out to be justified, the 
equation should provide a useful and relatively 
simple method for the calculation of detonation 
products having the desirable feature that the 
energy of gas imperfection is not neglected. The 
analytical form of the equation is such as not to 
yield useful expressions by a partial reduction of 
the equation, similar to that employed in *our 
description of the Abel equation or of Cook’s 
modification of it. It would be most convenient 
in this case to conduct the calculation in the 
general manner described* in par. 6-5, using, if 
desired, the methods of Chapter 2 to evaluate 
the equilibrium composition. 
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TABLE 7-4 DETONATION PROPERTIES OF PETN 


l 

I 



D, 


Pi' 

V 

T 

*e 

g/cm 3 

m/sec 

m/sec 

10 3 atm 

cm 3 /g 

°K 

cal/g 

0.50 

3940 

1305 

26 

1.34 

4870 

135 

0.75 

4720 

1415 

50 

0.933 

4630 

245 

1.00 

5550 

1560 

86 

0.719 

4400 

375 

1.25 

6450 

1710 

137 

0.588 

4160 

550 


o 



) 


! 


The coefficient X defined by Eq. 7-27 is given 
by Eq. 7 47 when the modified Abel equation of 
state employs the assumption a * ot(p\ and by 

X = (y - 1)/[1 - Of' (»)] (7-50) 

when the assumption a * a(v) is made. We have 
employed these expressions together with Eqs. 
7-29 and the observed D(p o ) to estimate the 
adiabatic exponent k on the Chapman- Jouguet 
locus* for Composition B. We employ the same 
assumptions as were employed in par. 7-2 and 
take 7° * 1.25, independent of the initial 
density. The results are summarized in Table 7-5 
where we include for comparison the values 
obtained by Fickett and Wood, and previously 
listed in Table 7-2. 

The results for a = constant and a(p) are 
identical because both assumptions lead to the 
same estimate of the coefficient X, namely 7 ° - 
1. These results are in rather good agreement 
with the results of Fickett and Wood. The 
results based on the assumption a*a(v) are 
systematically much higher than the other 
results. If the calculations of Fickett and Wood 
jure used as a standard of comparison, we 


conclude that the assumption a* a(v) is inferior 
to the assumption a * a(p). Furthermore, we can 
conclude that the simple Abel equation when 
calibrated by observed detonation velocities at 
ea^h initial density can be used for reliable 
estimates of the detonation properties in spite of 
the mathematical inconsistency that attends its 
use. 

7-5 APPLICATION OF THE 
CHAPMAN-JOUGUET CONDITION TO 
MIXTURES WITH VARYING 
COMPOSITION 

The application of the Chapman-Jouguet 
theory to the calculation of the properties of the 
detonation products has been based on the 
solution of two equations between 
thermodynamic properties, Eqs. 7-3, which with 
the equation of state suffice to specify the 
thermodynamic state of the product gas. The 
application of the second of these, which has 
been employed in the form 

MPjB. - 1) - 1 (7 ‘ 51) 


TABLE 7-6 THE ADIABATIC EXPONENT FOR COMPOSlf ION B ALONG THE 
CHAPMAN-JOUGUET LOCUS 


f>0 

a * Const. 

of = a(v) 

Of * 0 {(p) 

Table 7-2 

1.714 

2.76 

3.80 

2.76 

2.77 

1*.6 

2.72 

3.66 

2.72 

2.74 

1.4 

2.65 

3.4'd 

2.65 

2.67 

1.2 

2,57 

3.18 

2.57 

2.59 

1.0 

2.47 

2.92 

2.47 

2.50 


l 

f ^ / 

I 

'4 

i 
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and which is a statement of the 
Chapman- Jouguet condition, requires further 
discussion for calculations in which the 
composition of the product gas is determined by 
the equilibrium conditions and in which, in 
consequence, the composition will in general 
vary in moving from one state point to another. 

If we recall that the adiabatic exponent is 
defined as the derivative 

x = (8 fin p/8 fin p\ (7-52) 

it is necessary to specify the way in which the 
differentiation is to be performed in cases where 
the composition is a function of state. It has 
been implicitly assumed in the reduction of the 
equations presented in the preceding paragraphs 
of this chapter that the differentiation k 
performed at constant composition. The 
quantity so obtained may be called the 
adiabatic exponent for fixed composition or, 
more shortly, the “frozen” adiabatic exponent. 

For calculations in which the composition is 
assumed to be fixed, there is no incompleteness 
in the definition of the quantity k since the 
“frozen” quantity is evidently consistent with 
the a priori. assumption as to composition. 

It has been noted in Chapter 2 that the laws of 
thermodynamics for mixtures with fixed 
composition or for mixtures with equilibrium 
composition assume the same form as for 
systems of one constituent. The thermodynamic 
state functions and their derivatives for mixtures 
are thus completely defined in terms of two 
state variables either when the composition is 
fixed a priori or the composition is the 
equilibrium composition. In particular, a 
differential coefficient such as the adiabatic 
exponent is a well defined function of the 
thermodynamic state when it is specified that 
the equilibrium conditions in differential form 
are to be satisfied when the differentiation of 
Eq. 7-52 is performed. The quantity so obtained 
may be called the adiabatic exponent for 
equilibrium composition or. more shortly, the 
“equilibrium” adiabatic exponent. 

The sound velocity and the adiabatic exponent 
are related by the expression, 

c 2 = KPlp (7-53) 

Therefore two sound velocities, a frozen sound 


velocity or an equilibrium sound velocity, are 
obtained, depending upon whether the frozen or 
equilibrium value of the adiabatic exponent is 
employed iu Eq. 7-53. In physical terms, the 
former quantity is the velocity of propagation of 
acoustic waves in the limit of very high 
frequencies; the latter, the velocity for the limit 
of very low frequencies. Now Eq. 7-52 is an 
expression of the Chapman-Jouguet condition 
that the detonation velocity is equal to the local 
sound velocity with reference to the detonation 
products. Consequently, the application of the 
theory is not completely specified until the 
meaning of sound velocity (and of the quantity 
K ) is further specified. There is no 
thermodynamic argument that will define the 
proper quantity unambiguously. 

In Chapter 8, we discuss in some (jtetsJi the 
question of completing the statement of the 
Chapman-Jouguet condition by specifying the 
nature of the sound velocity. It appears that the 
equilibrium sound velocity is properly employed 
in cases that are truly one-dimensional. 
However, we believe, in at least some instances 
where the one-dimensional case is employed.as a 
simplified model of an actual two-dimensional 
explosive charge, it is more appropriate to 
employ the frozen sound speed in the statement 
of the Chapman-Jouguet condition. These 
questions will be more completely considered in 
Chapter 8. We here wish only to. take note of the 
fact that the numerical results of a calculation of 
the detonation properties will depend to some 
extent on the assumption used with respect to 
the statement of the Chapman-Jouguet 
condition. As a practical matter, the distinction 
between the two forms of the Chapman-Jouguet 
condition is largely academic. Cowan and 
Fickett 9 report that pressures calculated using 
an equation of state due to Halford, 
Kistiakowsky, and Wilson, differed by less than 
1% at an initial density of 1.2 g/cm 3 and were 
almost identical at high initial density, the 
pressure being higher when calculated from the 
equilibrium Chapman-Jouguet condition. 

Almost all of the calculations that have been 
reported have employed a Chapman-Jouguet 
condition based on the frozen sound speed. 
(Most authors have regarded this an 
approximation.) If it is desired to base the 
Chapman-Jouguet condition on the equilibrium 
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sound speed, two methods of computation s 
possible. The first, which has been employed by 
Cowan and Fickett, is to construct the 
equilibrium Hugoniofc curve in the neighborhood 
of the Chapman-Jouguet point, using only the 
first of Eqs. 7-3- and to determine by trial or by 
graphical or numerical interpolation the point 
on the Hugoniot curve resulting in the minimum 
detonation velocity. This procedure clearly is 
equivalent to employing the equilibrium sound 
velocity in the statement of the 
Chapman-Jouguet condition. The second, which 
we prefer because it requires substantially less 
computation, is to employ the general iterative 
procedure described in Appendix F which, 
together with the methods for eva’^ating 
equilibrium composition and equilibrium 
thermodynamic propertie described in 
Appendix S, leads to a direct solution of the 
problem. 

The frozen composition Chapman-Jouguet 
condition appears generally to be an entirely 
adequate approximation. It is much more easily 
employed. Even su, the general iterative 
procedure of Appendix F remains, in our 
opinion, the most straightforward 
computational approach for any equation of 
state except the simple forms suitable for order 
of magnitude estimates. In Appendix B, we have 
described computational procedures in detail for 
evaluating the thermodynamic properties of 
equilibrium mixtures. The Chapman-Jouguet 
point is then determined by an iterative 
procedure involving thermodynamic quantities 
only. The computational procedure is thus 
completely prescribed if the equation of state is 
presented in analytical form. 

7-6 EXPLOSIVES WHOSE PRODUQTS 
CONTAIN A SOLID PHASE 

The products of detonation of an explosive 
may consist net only of an homogeneous gas 
mixture, but also of a mixture of gas with various 
condensed constituents. Nongaseoua 
constituents may be present in the products 
because species found in the reaction condense 
at the prevailing detonation temperature and 
density. Explosives such as tetryl or TNT have a 
marked oxygen deficiency and, as a result, free 
carbon is formed as a reaction product. Some 
commercial explosives are cor. ounded with 
chemically inert diluents present m the original 


explosive mixture, and these materials form 
condensed phases in the detonation products. 

The first case where some of the reaction 
products are condensed can be treated in a 
direct manner. It is natural to assume that such 
products are in thermal equilibrium with the 
gaseous reaction products and completely 
entrained by them. These assumptions applied 
to explosives containing inert diluents are more 
arbitrary in nature and will be the more closely 
applicable the finer the particle size of the 
diluent and the lower its concentration. For the 
case of inert diluents, Taylor 11 has compared 
calculations in which thermal equilibrium is 
assumed with calculations in which it is assumed 
that there is no heat transfer to the diluent 
Complete entrainment was assumed in each case, 
and Taylor concludes that the assumption cf 
thermal equilibrium results in the better 
theoretical model. 

The pressure of the gas phase is represented by 
an equation of state as an expression of the 
general form 

P^PtyfT) (1*54) 

where v g may be defined as the volume of the 
gas phase for unit total weight of explosion 
products. Since the volume of gas f md of 
condensed phases is additive 

u * v g + v $ (7-55) 


where v is the specific volume of the mixture as 
previously defined and v g is the volume of 
condensed phases for unit total weight of 
products. Furthermore, 


v , " s ”i V i (7-66) 
condensed 
phases 

where n, is the number of moles of the Uth 
condensed species from unit weight of explosive 
and V t is the molar volume of the i-th condensed 
species. In the case of an explosive producing 
solid carbon, such as TNT, this expression is 

^ ,.,V. (7.7, 


The general form of the equation of state for a 
mixture of gas and condensed species expressed 
in terms of the specific volume of the mixture, 
can now be written in the form 
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p=p(v~ u s ,T) (7-58) 


where v $ is, in general, a function pressure 
and temperature. 

An equation of state of the Abel type can be 
written in the form 


p(v - a) - nRT 

a x a + v 

» 


(7-59) 


where n is the number of moles of gas produced 
by unit weight of explosive. Thus the quantity a 
becomes an effective covolume, and the 
equation has the same form for a mixture of gas 
and condensed phase as for a gas phase alone. In 
calculations that are calibrated by observed 
detonation velocities such as have been 
described previously, a may be considered: (1) 
an adjustable constant as in the Abel equation, 

(2) a function a(u ) as has been done by Cook, or 

(3) tt function ol(p) as would be appropriate in a 
calculation employing the Jones modification of 
the Abel equation. 

In a priori calculations of the detonation 
properties using an equation of state with 
known parameters, the quantity v g must be 
evaluated. This requires knowledge of the 
concentration of each condensed species in the 
detonation products and the molar volume of 
each species at the temperature and pressure of 
the detonation gas. The former quantify 
concentration must be based on an initial 
estimate that is improved as the overall iteration 
procedure progresses by successively more 
accurate determinations obtained from the 
solution of the equilibrium conditions, The 
molar volumes of the condensed species can 
usually be taken as constants of the system 
unless their concentrations are very large. They 
can be evaluated, when the necessary 
compressibility and thermal expansion data 
exist, at a temperature and pressure in the range 
of detonation conditions and thereafter held 
constant. Lacking such data, the molar volume 
at ambient conditions can be employed as an 
estimate. The overall precision with which the 
equation of state of the gas is known does not 
appear for most applications to warrant an 
elaborate equation of $ a for condensed 
species. Furthermore, as a practical matter, the 
use of more accurate forms is awkward because 


such forms are explicit either in the pressure or 
in the molar volume of the solid and they are 
not easily combined with the equation of state 
of the gas which is explicit ih the ydlume of the 
gas. We cite, however, the work of Cowan and 
Fickett 9 who have quoted an equation of state 
for carbon (graphite) with parameters that are 
derived from experimental measurements of the 
shock Hugoniot curve in graphite. It is an 
accurate but extremely cumbersome equation of 
state for carbon that could be employed ir 
calculations if the high accuracy could be 
justified by comparable accuracy in the other 
parameters involved. 


7-7 THE VIRIAL EQUATION OF STATE 


According to the virial theorem, the equation 
of state for gases can always be written in the 
form 


nRT 


B(T) 





+ - (7-60) 


where B(T), C(T ), D(T),, , . are the first, second, 
third, etc., virial coefficients which are functions 
of temperature and composition but nat of 
volume. For molecules with an interaction 
energy that can be expressed as a function of the 
intermolecular distance, the second virial 
coefficient can be theoretically evaluated. For 
nonattracting rigid spherical molecules, the virial 
coefficients are independent of temperature, Fqr 
such a gas, the third virial coefficient has been 
calculated by Boltzmann and Jagei *nd the 
fourth virial coefficient by Happel and 
Majumbar 12 . For the gas of rigid nonattracting 
spheres, the virial equation to cubic terms in the 
density has the form 


P v c 

nRT 



At high temperature, Hirschfelder and 
Hosevearo 1 3 proposed the equation 


’ + 7 + 0 ' 625 &) 


(7*62) 


0.2869 
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where the second virial coefficient is calculated 
according to the theory of imperfect gases in the 
limit of vanishing density and is found at high 
temperatures to be nearly independent of 
temperature. Thus, the second virial coefficient 
can be evaluated theoretically, and its evaluation 
makes possible a theoretical evaluation of the 
higher virial coefficients for a hard sphere gas 
which is taken to be a satisfactory model of a 
real gas at high temperature. The value of the 
fifth virial coefficient in the expression given 
was chosen to make the equation agree at high 
density with the free volume theory of liquids of 
Hirschfelder, Stevenson, and Eyring 14 . 

The calculated high temperature second virial 
coefficients of some species appearing as 
explosion products are listed in Table 7-6. 

The coefficients in Table 7*6 are for pure gases. 
Rules for mixtures having a theoretical 
justification are quite complex in form. In view 
of the approximation, only the simplest 
combination rule can be justified and the 
formula 


pv g * nRTF 
so that if b is a constant 




0 


(7*64) 


(7-65) 


and c v = Cy, 7 * c/c v * 7 ° . 'The equation neglects 
the energy of gas imperfection and will, for this 
*eason, overestimate the temperature of the 
e'etonation products. Paterson justifies this 
neglect by stating that it is justified at low initial 
densities and will affect to only a small extent 
aU properties except temperature at higher 
initial densities, 

Eq.. 7-62 can be written in the Abel form 


P [", “ <x{v g )} * nRT 


where 

I* - 1WJ 

* ” 


(7-66) 
! (7-67) 


6 - f nfy (7-63) 

has been employed in applications of Eq. 7-62. 

Hirschfelder and his coworkers have employed 
Eq, 7-62 in extensive calculations of the 
thermodynamic properties of the products of 
propellants. Its application to the a priori 
calculation of the properties of the detonation 
products of condensed explosives is due to 
Paterson 1 6 . It is of the iorm 


Therefore, the quantity P can be calculated by 
the relation 



and the solution for the Chapmpn-Jouguet 
*.oint, based on the frozen Chapman- Jouguet 
condition, is given by Eqs. 7-39. Thus, the 
modified Boltzmann xorm of the virial equation 
of state can be employed to obtain an a priori, 


TABLE 7-6 HIGH TEMPERATURE SECOND VIRIAL COEFFICIENTS OF 
GASEOUS DETONATION PRODUCTS 15 


Species i 

b h cm 3 /mole 

Species i 

b h cm 3 /mole 

CO,* 

37.0 

NO 

21.2 

CO 

33.0 


34.0 

a 2 

14.0 

ch 4 

37.0 

H,0 

7.9 

nh 3 

15.2 


30.5 




* At densities where the C0 2 molecule is assumed not 
to rotate. At lower densities, with rotation permitted, 
tho value of Cor C0 2 is 63.0 cm 3 /mole. 
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theoretical evaluation of the function oc(u) that 
was evaluated empirically by Cook. 

The results of some of Paterson’s 
calculations— using the equation of state Eq. 
7-62, the frozen Chapman-Jouguet condition, 
and assuming equilibrium composition of tne 
detonation products— are giyen in Table 7-7, 
Paterson has also applied ,his equation of state 
to calculations for a large number of commercial 
blasting explosives. 

In these -calculations all of the necessary data 
were determined without reference to 
detonation experiments. Considering the 
completely a priori nature of the calculations, 
surprisingly good agreement with experimental 
detonation velocities was obtained, particularly 
at the lower values of the initial density. 


7-8 v s HALFOROKtSTIAKOWSKY-WlLSON 
EQUATION OF STATE 

An extensive computation of the detonation 
state was carried out by Brinkley and Wilson 1 7 
employing an empirical form of equation of 
state that was proposed by Halford, 
Kistiakowsky, and Wilson 10 . The equation is a 
modified form of one that was originally 
employed by Becker to represent an 
experimental nitrogen isotherm. It was modified 
by the omission of terms that are significant 
only at low temperature and in such a way as to 


provide for a contribution due to gas 
imperfection to the energy content of the gas. 
The parameters of the equation were calibrated 
in part by the use of experimental detonation 
velocity data and in part from theoretical 
considerations. Since the original work, this 
equation has had many modifications as new" 
data became available. The most extensive and 
most recent region has been carried out by 
Cowan and Fickett who were able to 

supplement experimental velocity data with 
some experimental pressure measurements. 

Cowan and Fickett employ an equation of 
state in the form 


pv g = nRTF(x ) 

F(*)« 1 + x/ x 
x - k/l iy(T + Of] 

k ‘W, 


K7-69) 


Here, is the volume of gas from unit weight of 
explosive; n { is the number of moles .of the i-th 
gasepus constituent from unit weight of 
explosive; a, (3 , and 0 are empirical constants; 
and the k { are empirical constants, characteristic 
of the individual species, having' the nature of 
covolumes. The constant 0 was added to the 
original form to suppress a spurious minimum 
that the unmodified form presented in curves of 



i 
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TABLE 7 7 DETONATION PROPERTIES OF SOME CONDENSED EXPLOSIVES 16 



Po> 



Pv 

u v 

A 

Explosive 

g/cm 3 

cm 3 /g 

°K 

10 3 atm 

m/cec 

m/sec 

Nitroglycerin 

1,60 

0.505 

5640 

199 

1550 

8060 

PETN 

0.50 

1.362 

5000 

21,3 

1175 

3670 


1.00 

0.760 

5150 

73.8 

1340 

5560 


1.50 

0.540 

5340 

188 

1550 

8150 

TNT 

0.50 

1.354 

3873 

12.4 

894 

2770 


1.00 

0.769 

3873 

44.2 

1010 

4400 


1.50 

0.550 

3890 

124 

1196 

6970 

Tetryl 

0.50 

1.306 

4500 

15.6 

1000 

3140 


LOO 

Q.770 

4600 

56.9 

1150 

5000 


1.50 

0.550 

4790 

160 

1375 

7850 
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pressure versus temperature at constant volume. 
Cowan and Fickett have employed the value 0 ~ 
400° Kin all of their work. 

When Eq. 7-69 is employed as the equation of 
state, the specific energy e ( of gas imperfection, 
where e * e° + e h is given by 

efinRT) = a (^~J (F - 1) . (7-70) 

which is a rapidly increasing function of the gas 
density at constant temperature. 

Eqs. 7-69 and 7-70 can be written in an 
approximate form 

e t = a(jpv g - nRT) (7-71) 

.if we negiect 0/T compared to unity. Now, it 
can be shown from the yiriai theorem that if 
attractive forces are neglected in comparison 
with repulsive forces in the intermolecular 
potential function and if the latter varies 
inversely as the n-th power of the intermolecular 
distance, then 

e= (3 fn)(pu g - nRT) (7-72) 

Thus, Eq. 7-71 is of the correct form for the 
internal energy of a gas that is sufficiently dense 
so that attractive forces can be neglected in 
comparison with repulsive forces. Furthermore, 
the parameter a can be identified with the 
quantity 3/n, where n is the exponent of the 
repulsive term in an interrrip|ecu|ar potential 
function of the Leonard- Jones cype. From 
theoretical considerations, n> 6 so that a <V6. 
Cowan and Fickett found the best overall fit 
with experimental data with the value a = 5 A 
The high value of this coefficient reflects the 
fact that attractive forces are not entirely 
negjigible at any gas density. Also, there is now 
evidence that an inverse power law for the 
repulsive term is too “hard” for dense gases. 

The discussion of th t last paragraph is not, of 
emirse, a complete justification of the fom of 
the essentially empirical equation of state, Eq. 
7-69. It does, however, indicate that this 
equation takes account of the energy of gas 
imperfection in a way that is physically plausible 
and in this respect, at least, is superior to the 
other forms of equation of state that have been 
considered. Unfortunately, its use in routine 
calculations involves a considerably more 


elaborate computational program. It is not 
conveniently employed for desk computations, 
and it. is most suitably employed in calculations 
employing a computer for which the effort of 
preparing a computer program can be justified. 

We can summarize the values of the equation 
of state parameters adopted by Cowan and 
Fickett as follows: 

a =0.50 
0 = 0.09 
0 = 400 °K 

The values of the k f are given in Table 7-8. 


TABLE 7-8 

VALUES OF THE CONSTANTS k* 

Species 

■ V 

Species 

V 

h 2 

£133 

CO 

3383 

H 2 t 

3636 

co 2 

6407 

N s 

6267 

NO 

4148 


Table 7-9 contains values of some detonation 
properties of several expiocives calculated with 
Cowan and Fickett’s form of the 
Halford-Kistiakowsky-Wilson equation of state. 
Experimental values and some calculated values 
by Cook and by Paterson are included for 
comparison. 

Cowan and Fickett conclude that reasonably 
good agreement between calculated and 
observed quantities is obtained except for 
explosives such as TNT with large oxygen 
deficit. In the case pf TNT the calculated values 
are unsatisfactory even though an elaborate 
equation of state was used for solid carbon. The 
cause of this discrepancy is not understood at 
the present time. 

The equation of state employed by Cowan arid 
Fickett leads to detonation temperatures that 
decrease with increasing initial density. This 
behavior follows from the fact that the equation 
of state results in a contribution to the energy 
due to gas imperfections as a strongly increasing 
function of density. It will be noted from Table 
7-9 that the calculated temperature is 


*A more extensive list of the constants H i 4 to the 
best available explosives' property data, ix c* gained in 
reports by C. Mader, LASL, which have not been 
published. 
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substantially lower than for equations of state 
for which the energy of gas imperfection is zero. 
Cowan and Fickett conclude that, the 
Halford- Kiatiakowsky -Wilson equation of state is 
probably fairly reliable if its use is restricted to 
explosives which are similar to those that were 
included in the determination of its parameters, 
and to pressures and volume? tjiat are not too 


different from those at the Chapman-Jouguet 
point. There appears to be no justification for its 
use in an extended extrapolation. 

We conclude this chapter by remarking that 
the problem of formulating a generally adequate 
equation of state is not solved. The 
Halford-Kistiakowsky-Wilsdn equation appears 
to be the best available. 




TABLE 7-9 COMPARISON OF CALCULATED DETONATION PROPERTIES 


Explosive 

Source 

RDX 

Experimental 
Cowan k Fickett. 
Cook 

EDX 

Experimental 
Cowan k Fickett 

i’NT 

Experimental 
Cowan k Fickatt 
Cook 
Pa tenon 

TNT 

Experimental 
Cowan k Fickett 

EDX/TNT, 78/22 

Experimental 
Cowan k Fickett 

Comp. B 

Experimental 
Cowan k Fickett 


P 0 , 

D, 


T r 


ml tec 

dD/dp o 

*K 

1.6 

8060 

3470 


1.6 

8037 

£250 

2788 

1.6 

8040 

~ 3570 

5750 

1.6 




1.8 




1.6 

6840 

2800 


1.6 

6894 

3120 

2715 

1.6 

7030 

~ 3660 

4170 

1.6 

6790 

3310 

3900 


1.64 

1.64 

1.755 

1.755 

1.715 

1.715 


P, 

10* atm 

v 


262 

2.92 

0.32 

269 

2.79 

0.30 

255 

3.01 

"*0.34 

336 

3.06 


344 

2.. 


166 

3.44 

o:e» 

193 

3.88 

6.25 

150 

4.20 

0.84 

125 

4.81 

1.26 


175 

3.48 


204 

313 

2.91 

2.82 


307 

2;90 


2 88 

2.79 


281 

2.89 
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CHAPTER 8 STRUCTURE OF THE PLANE DETONATION WAVE: FINITE 

REACTS mi 


8-1 INTRODUCTION 

The elementary theory of plane detonation 
waves, described in Chapter 6, is based on a 
model in which the reaction zone is idealized as 
a mathematical plane, thus implying a 
detonation reaction of infinite rate and a 
reaction zone of zero thickness. The properties 
of the detonation wave are then determined by 
the expressions for the transport of mass, 
momentum, and energy across the discontinuity; 
by the Chapman-Jouguet condition which 
provides a sufficient description of the flow 
behind the detonation front; and by the 
equation of state and thermal properties of the 
'detonation products. The properties of the 
detonation wave are independent of the rate of 
the detonation reaction according to this 
' idealized model. 

This elementary theory correctly describes the 
main features of the detonation process. In 
particular, it correctly predicts the detonation 
velocity and the thermodynamic state of the 
detonation products of cylindrical explosive 
charges initiated at one end,, provided, the 
diameter of the charge is not too small. 
However, extension of the theory to more than 
one dimension— e.g., to the spherical 

charge— involves mathematical difficulties that 
result from the over-idealization of the reaction 
zone to a mathematical surface. Many details of 
the detonation prr ;ess in finite charges— e.g., the 
effect of charge diameter on the detonation of 
small cylindrical charges— are, determined by the 
structure of the reaction zone. In this chapter, 
the consequences of a more realistic model 
which takes account of finite reaction rates are 
investigated; however, we limit the treatment to 
plane waves propagating in one direction. 


direction of propagation. We fix the origin of 
the coordinate system in the moving reaction 
wave and assume that there exists a region of 
finite extent in the moving coordinate system 
within which the flow is steady. 

The hydrodynamic equations for inviscid flow 
without heat conduction dr diffusion have been 
given in par. 2-6. For flow in one dimension, 
they can be written 


dp 

dt 


dw 


dj 

p w 

de 

PM _ n 

dt " 

"cT 

1 

c 


(8-T)< 


In these equations, p is the pressure, p is the 
density, e is the specific energy, and w is the 
particle velocity measured with respect to the 
moving origin of coordinates. The operator d/dt 
is the mobile time derivative, denoting the rate 
of change with respect to time as measured by 
an observer moving with the fluid, i.e., 


£ _ _ 3 _ £ 

dt 3 t dx 


(8-2) 


For steady one-dimerisional flow, partial 
derivatives with respect to time vanish and Eqs. 
8-1 become 




( 8 - 8 ) 


8-2 CONSERVATION CONDITIONS FOR 
STEADY REACTION WAVES IN ONE 
DIMENSION 


de p /dp\ 

"T nT 1 “ 0, 
dx p \dx/ 


We assume the existence of a wave of chemical 
reaction propagating in one direction parallel to 
the x-axis of a rectangular coordinate system 
and assume that the properties of the flow are 
constant on planes perpendicular to the 


where, in the steady state, the properties of the 
fluid are functions only of the space coordinate 
x, measured relative to the moving coordinate 
system. Eqs. 8-3 can bt integrated, with the 
result 
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top = M - constant 
p + M 2 v = P = constant 


least in principle, be evaluated. Eqs. 8-4 are also 
supplemented by an equation of state which we 
(8-4) may take to be an expression of the form. 


e + pv + = ft = constant 


p = p(u, T; n ti .... ) (8.9) 


where t, is the specific volume. The hew 
constants have the following significance: M is 
the mass current, P is the dynamic pressure, and 
ft is the kinetic enthalpy. The three quantities 
are constants of the flow in a region where the 
flow is steady and where the effects of viscosity, 
heat, conduction, and diffusion can be neglected. 

Eqs. 8-4 are supplemented by the reaction rate 
equations of par. 2-6 



arid by the stoichiometric com 10ns given in 
par. 2-2 


2 

1 


¥1 = % 


( 8 - 6 ) 


where the stoichiometric constant q f is the 
number of moles of the j-th component in unit 
weight of a hypothetical mixture consisting of 
components only. Without loss of generality, we 
can assume that the components are assigned the 
labels 1 -1,2,... c, so that constituents that are 
not components are assigned the labels i * c + 1, 
c + 2 , , , Eqs. 8-5 and 8-6 can then be written 
in a more explicit form that takes into account 
the fact that only the R t , i * c + 1, c + 2, . . . $, 
can be, independently specified. For the steady 
state, these expressions are 


dx 

dn, 

dx 




* 

E 




i ~ c + 1, ...s 
j * 1, 2, ,..c 


( 8 * 7 ) 

The rates R { are linear combinations of the rate 
expression for the elementary reactions occurring 
in the region of reactive flow. These rate 
expressions depend upon the composition, 
temperature, and pressure. Therefore 


R ( - * 2 ,( 7 ', p; n, ... n t ) (8*8) 

and if the mechanism of the reaction is known, 
the expressions summarized by Eq. 8-8 can, at 


Now, we suppose that fluid is moving from 
left to right, i.e.,iu> 0 . (This convention is 
opposite to that employed in Chapter 6.) 
Further, we -suppose that the material to the left 
of the plane x = 0 is in the uniform state p Q ,p o 
with w o » D and R { = 0 for.all i. At the plane x 
= 0 , we consider two cases. First, assume that 
the properties of the flow are continuous at this 
plane. Then the constants of Eqs. 8-4 are given 


M = p a D 
P - P 0 + Potf 


( 8 - 10 ) 


& “ % + Po V o + 


where e o is the specific energy of the 
nonreacting fluid in the uniform state. 
Alternatively, assume that the reacting fluid in 
the region x > 0 is connected to the uniform 
norireacting fluid in the region* <0 by a shock 
wave fixed in the plane x - C, If the properties 
of the shocked fluid at * * 0 are designated by a 
prime, we have 


M = pV 

P - P* + pV) 2 


( 8 - 11 ) 


ft * e' + pV + V2(w'f / 

Here c* is the specific energy of the material at 
pressure p' and specific volume v having the 
same composition as the material in the uniform 
state at p o and v q . Assuming that the shock can 
be represented by a discontinuous transition 
from the unshocked to the shocked state at 
constant composition, we may employ 
conservation conditions of par, 2-8 and 
transform Eqs. 8-11 to expressions that are 
identical with Eqs. 8 - 10 . Thus Eqs. 8-10 can be 
employed for the two cases under consideration. 
Combining them with Eqs. 8 - 4 , we obtain 


pw = p 0 D j 

p + pio 2 ~ p 0 + ftH 2 | (8-12) 

e + po + l Aw 2 - e Q + p 0 v 0 + ) 
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The left-hand members of Eqs. 8-12 are 
evaluated at fixed arbitrary values of the 
x-coordinate, x>0. If the first of Eqs. 8-12 is 
employed to eliminate w from the second, we 
obtain 

Pj O 1 » ~(p - p 0 )i(u - v 0 ) r J -i3) 

If the first and second of Eqs. 8-12 are 
employed to eliminate w and D from the third, 
we obtain 

« - = V6(P + p 0 )(y o - v) (8-14) 

If we denote by u * D - w the particle velocity in 
the region x>0 relative to that of the uniform 
state existing in the region x < 0, the first of Eqs. 
8-12 becomes 

P{D - u) » p 0 D (8-15) 

If the uniform state is at rest in a laboratory 
system of coordinates, u is the particle velocity 
in a laboratory system of coordinates. 

Examining Eqs. 8-7 and 8*12, we note that we 
have s + 3 equations connecting the 8 + 4 
variables n { , p, p, u, and D when the uniform 
state is specified. (The equation of state and 
thermal properties of the explosion products 
determine the specific energy e as a function of 
n { , p, and p.) The indeterminacy corresponds, 
for detonations, to 'the absence of the 
Cnapman-Jouguet condition from the equations. 
Insofar as these equations are concerned, we 
may regard D as a parameter whose value can be 
specified. Eqs. 8-7 and 8-12 are then in a formal 
sense determinant, determining each of the 
dependent variables as functions of x and D. 
Thus, the solutions of Eqs, 8-7 and 8-12 
determine a two parameter sequence of states 
through the moving reaction wave. It is 
necessary, in principle, to determine the values 
of D for which these equations have suitable 
solutions. For the general case of multiple 
simultaneous reactions terminating in an 
equilibrium state, this presents a formidable 
problem. 

A model that is easily visualized and that 
provides a useful description of the reaction 
wave is obtained by assuming that the reaction 
proceeds toward a final invariant composition 
that can be specified a priori independently of 


final presage and density. A progress variable £ 
can then be introduced by the relation 

«(«) * {«!&*) + (1 iKM (8-16) 

where C j is the specific energy of the products 
and e Q is the specific energy of the reactants, 
each considered a function of p and v . In this 
approximation, Eq. 8-14 can be written 

+ (1 - £) e o(P> y ) (g47) 

- eo&o’Vo) m M(P * -P 0 )( u o - v ) 

where p and v are to be regarded as functions of 
the progress variable {. When £* 1, Eq. 8-17 is 
identical with the Hugoniofc equation for 
instantaneous reaction, Eq. 8-17 describes a 
family of curves in the (p,v)- plane, each member 
of which is labeled by a value ot £ with 0 < £ < 1. 
For exothermic processes with e ? (p,v}>e 1 (p,v) 
this family consists of non intersecting curves 
that are concave upward. Eq. 8-13 is the 
equation for the Rayleigh line. With p and v 
regarded as functions of £, the reaction in a 
steady reaction wave is constrained to states on 
this line. When we employ the subscript unity to 
Identify properties of the flow when £ ** 1, Eqs. 
&-13 and 8»i.7 become identical with the 
analogous expressions ot Chapter 6. 

8-3 tHE STEADY DEFLAGRATION WAVE 

The branches of the family of curves given by 
Eq. 8-17 for which p($) <p 9 describe; the states 
in a steady deflagration wave that satisfy the 
conservation equations. These curves are shown 
in Fig. 8-1, together with a Rayleigh line OABC. 
This Rayleigh line represents two different 
processes with the same propagation velocity D. 
One consists of a discontinuous transition in the 
unreacted material from the state O to the state 
C, followed by the reaction zone represented by 
the segment of the Rayleigh line CB along which 
£ changes from 0 to 1, terminating in state B 
which is a strong deflagration. The other consists 
of the continuous transition from the state 0 to 
the state A , which is a weak deflagration, along 
the segment of the Rayleigh line OA for which £ 
changes from 0 to 1. It has been noted in par. 
2-8 that a nonreactive rarefaction shock, as in 
the transition from O to C, does not exist since 
it would entail a decrease in entropy and violate 
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the second law of thermodynamics; It follows 
that strong deflagrations are impossible for the 
assumptions made. Therefore, starting at the 
point O with p a , u 0 , the state point can only 
reach the upper intersection A without passing 
through regions for which £>l.Theonly states 
ori the final Hugohiot cum of Fig. 8-1 that are 
physically admissible are the weak deflagrations 
lying between (and including) the 
Chapman- Jouguet deflagration J and the 
constant pressure deflagration for which p x * 

Pa- 
in Chapter 6, we noted that a useful 
description of deflagration waves is not obtained 
from the hydrodynamic equations in which heat 
conduction and the diffusion of chemical species 
are neglected. The propagation velocity of a 
deflagration wave is determined by these 
transport processes from the reaction zone 
upstream into the reactants. In the theory of 
flame propagation the differential conservation 
equations are stated so as to include the effects 
of viscosity diffusion, heat conduction, and the 
rate of cnemical reaction. For particular 
boundary conditions, these equations possess a 
solution only for a unique value of the wave 


velocity. In a deflagration wave, the "reaction 
must be initiated by heat conducted 
upstream from the reaction zone ante the 
medium ahead of the reaction zone. 

84 THE STEADY DETONATION WAVE 

We begin our discussion of the structure of 
plane detonation waves by commenting on the 
role of transport processes in the mechanism of 
the detonation reaction. The solutions of the 
steady o n e - d i m e nsional heat 
conduction-convection equation and of the 
steady one-dimensional diffusion-convection 
equation are characterized by 


where x is the distance and x 0 is a characteristic 
distance. For thermal conduction, x 0 « a/w , 
yrhere a is the thermal diffusivity and w is the 
particle velocity in thr frame of reference within 
which the motion is steady. For diffusion, x Q = 
D/w, here D is the diffusion constant. The 
thermal diffusivity and diffusion constant are 
each of order unity or less, when expressed in 
units of square centimeters per second. The 



Figure 8-1, Family of Hugoniot. Curves for Steady Deflagration Wave 
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particle velocity associated with a detonation 
wave is of order 10 6 to 10 6 cm/sec. Therefore, 
the characteristic length x o is of order 10' 5 cm 
orless. 

We need to consider two different possible 
mechanisms for initiating the chemical reaction, 
ft may be effected by the diffusion of chemical 
species into the unreacted material or it may 
consist of an initiation reaction that is 0-th order 
in its products. If the initiation is exclusively of 
the first type, the detonation wave may be 
conceived of as a shock wave 
combined with a diffusion wave similar to a 
diffusion flame. To satisfy the boundary 
conditions at the reaction front by a 
temperature or concentration distribution with a 
characteristic length of 10* 5 cm or less, it would 
be necessary to postulate a reaction rate of 
unreasonably high /alue, so that the reaction 
zone width is also of the order of magnitude of 
the characteristic length. Tn this connection, it is 
to be remarked that the particle velocity in 
diffusion flames is many orders of magnitude 
less than in detonation waves and the 
character is tie lengths of the former (diffusion 
flames) are correspondingly many orders of 
magnitude greater than those of the latter 
(detonation waves). It follows that the effects of 
transport processes can be entirely neglected i i 
the reaction zone of the detonation reaction, 
except for their occurrence within a shock front 
where their effects are adequately described by 
thiB conservation laws across a discontinuity. The 
primary contribution to the initiation 
mechanism must: be by an initiation reaction 
that is 0-th order in Its products, 

These considerations lead to a modsl wherein 
the initiation reaction has a negligible rate, 
before thr front and an appropriately large rate 
behind it, i.e., to a model wherein the reaction is 
initiated by the shock front Sush a model was 
independently postulated h* />‘*ioVw;h. von 
Neumann, t\nd Docrong l ' 4 - TnH hugoniot 
curves prescribed Vy jfeq. 8-17 for the upreacted 
materiel immediately behind; the shock front (£ 
= 0), for the complete!, reacted material (?= 1), 
and tor an intermediate degree of reaction are 
sketched in Fig, 8-2. The Rayleigh line OABC 
represents two different processes with the same 
propagation velocity ZX One consists of a 
continuous transition' from the state O to the 
state /i, which is a weak detonation along the 


segment of the Rayleigh line OA for which £ 
changes from 0 to 1. The other consists of a 
discontinuous transition through a shock fr6nt 
in the unreacted material to the state C on the 
Hugoniot curve for £ = 0, followed by the 
reaction zone, represented by the segment of the 
Rayleigh line CB along which £ charges from 0 
to 1. The state B is evidently a strong de tonation 
and the second process corresponds tJ that 
postulated; by Zeldovich, von Neumann, and 
Doering. In Chapter 6, it was remarked that a 
detonation wave is formally equivalent to a 
shock wave followed by a deflagration wave. 
Thus, the detonation states of Fig. 8-2 centered 
on the initial state O can be regarded as a 
deflagration wave centered on the state C. It was 
also remarked that a strong detonation wave is a 
shock wave followed by a weak deflagration, a 
weak detonation Wave is a sho^k foil owed by ? 
strong deflagration, ana a Chapman- Jouguet 
detonation is a shock followed by a 
Chapman- Jougue'; deflagration. In tee previous 
paragraph, it was snown fef a’ sbe/ig 
deflagration dv.e? not exist, it fcl : vug teat, £or 
the assumptions made, a wcak detcnatipn ooes 
not exist. Therefore, Parting from a wave 
in the unreacted material centered on the point 
O with,p o ,u o , the state po;r f onty reach the 
upper intersection B. of i?ig. 8-2 is 

the state with lowcs* pressure cm the Hugoniot 
curve for the unreal < a for which the 

reaction caui reacu tv ie HUjt-^iiot curie for 
complete reaction. The: R&yteirk line Of is 
tangent to tie hugoniot f v o rompl"** 

reaction; 11 .presents the reaction wnve 
terminating Ir - Chapman^ huguet detonation. 

Prior to the description of the reaction zone 
given by Zeldovich, /oh . and Doering, 

it was Eug/.'Stf^’ .aiat. die ruction occurs at a 
ronstant t v ' a Chapman- Jwguet 

pressure & h AenoxHlup V this hypothec. *he 
process* consists iff *x (hteontinucftiS i lahticr.. 
t v. shook 'ipnt from ihe state O to the 
state* f m the huLiai Kugoiuot cmrv i,. followed 
by a reaction at the constant pres? me p*, It. h 
readily «en-lhat ?uch e pro.- cannot represent 
a sVtkmary region u* the initial; 

shocks! state and tipw. re?c ea state lie on 
di*te:er>t Rayleigh lines, and 0*\ 

r\ispectively. 

Weak detonations, under the assumptk i, u 
made, are impossible. Furthermore, araref'itihvi 




&vicr7oe*‘sto 


wave will originate in the explosion products, 
and will overtake and weaken a strong 
detonation until it becomes a Ciiapman-JoUguet 
detonation; Therefore, the Chapman-Jouguet 
detonation is the detonation that is stable. 

It has been assumed that the family of 
Hugoniot curves, labeled by a. value cf the 
degree of reaction £,0<£<1, form a family of 
nonintersecting curves such as has been sketched 
in Fig. 8-2. This will be the case if, as has been 
assumed, the reaction proceeds to a fixed 
invariant mixture of products and if the 
exothermicity condition, e.Jp t u)> e l (p t v} i is 
satisfied at all values of the pressure and specific 
volume. However, von Neumann has pointed out 
that the family of Hugoniot curves may have a 
different form if the reaction is not exothermic 
at ail pressures and densities Such a condition 
may, in principle, arise if the mechanism of the 
explosion reaction consists of several different 
elementary reactions whose relative contribution 
to the overall' decomposition may depend on the 
strength of the initiating .'hock wave and one or 


more of which may be endothermic. In such a 
case, the Hugoniot curves may intersect and 
liave an envelope, as shown in Fig. 8-3. It would 
then be possible for the process to consist of a 
discontinuous transition from the state O to the 
^tate B on the Hugoniot curve for £ - 0, 
followed a reaction described by the segment 
of the Rayleigh line BA, during which £ changes 
continuously from 0 to 1. The point A on the 
Hugoniot curve for £ * 1 is a weak detonation, 
and the Rayleigh line OAB is tangent to the 
envelope to the Hugoniot curves and; represents 
the only process for which £ takes on all. values 
from 0 to 1, This solution is known as von 
Neumann’s pathological weak detonation. No 
case of the actual existence ol such a detonation 
is known. 

8-5 FLOW BEHIND A CHAPMAN-JOUGUET 
WAVE 

Riemann’s equations (see par. 2-7} can be 
employed to construct the nonsteady flow 



Figure 8-2, Family of Hugoniot Cams for Steady Detonation Wave 
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behind a Chapman-Jouguet discontinuity. At the 
discontinuity, located at x - Dt , the explosion 
products are characterized by the quantities 
and c x which are determined by the 
Chapman-Jouguet condition, the Hugoniot 
equations, and the equation of state. One of 
these quantities may have an arbitrary initial 
distribution behind the front. The whole flow 
can then be determined as a simple wave. 

For definiteness, we suppose that the steady 
detonation begins at a piston face located atx = 
0 at t - 0. The Chapman-Jouguet particle 
velocity u 1 is accommodated to the piston 
velocity, assumed to be less than u 1 , by a 
centered simple wave, i.e., by an unsteady 
rarefaction wave. The C+ characteristics of such 
a wave are straight lines with the equation 

x.= (u + c)t (8-18) 


The Chapman-Jouguet point, which is a 
discontinuity between the steady reaction rone 
and the nonsteady rarefaction wave, follows a 
path in the fr,f>plane which is the C’ + 
characteristic 

*“( u i + c x )t~Dt ( 8 - 19 ) 

In par. 2-7 it was -remarked that the Riemann 
invariant S' is constant throughout this simple 
wave. Because of this circumstance 

u i - °<°) 


p 



The function o can be regarded a known 
function of the pressure along the isentrope 



Figure 8-3. The von Neumann Pathological Weak Detonation 
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passing through the Chapman-Jouguet state. 
Therefore, Sq. 8-20 provides one relation 
between the pressure p and the particle velocity 
u. Along this isentrope, the acoustic velocity c 
can also be regarded a known function of the 
pressure. Eq.. &18 thus provides a second 
relation, connecting the pressure and particle 
velocity to the reduced distance variable x/Dt 

u + c(p) — ( Uj + c r )(x/Dt) (8-21) 

Eqs. 8-20 and 8-21 determine the particle 
velocity and pressure in the rarefaction wave as 
functions of the reduced distance x/Dt. For 
general equations of state, they can be solved 
numerically from tables of c and a versus the 
pressure. When the pressure distribution through 
the rarefaction wave is known, the distributions 
of the other thermodynamic variables through 
the wave are determined since these variables 
depend only oh the pressure along a prescribed 
isentrope. 

If the explosion products obey a polytropic 
law, Eqs. 8-20 and 8-21 can be solved explicitly. 
If the adiabatic exponent is k, the results can be 
written in the form 


« sl + _JL_ W ~ 

U x K + 1 Uj 


£ 

Pi 

£ 

Pi 


2 . K - 1 Pi; - U 1 
K + 1 K + 1 D - U x 

( 2 [ K - 1 

I K + 1 K + 1 D - U'J. 

| 2 K - l - D?- «i | w-i 
jft + 1 K + 1 D - MjJ 


( 8 - 22 ) 


where = x/Dt. It will be noted that the particle 
velocity and acoustic velocity are linear 
functions of the reduced distance for this case. 
The solution for a polytropic gas was obtained 
by Taylor, and the unsteady flow behind the 
Chapman-Jouguet detonation is sometimes 
called the Taylor wave. Eqs. 8-22 assume a 
particularly simple form when K ~ 3. Then 


(8-23) 


In this case, the density is also a linear function 
of the reduced distance This particular 
solution is of interest since the explosion 
products of condensed explosives obey, 
approximately, a polytropic law with an 
adiabatic exponent in the neighborhood of 
3 5,6 . It can, therefore, be expected to display 
qualitatively the features of the flow associated 
with such explosives. 

The transient portion of the flow is terminated 
by the straight characteristic along which the 
particle velocity is equal to the piston velocity. 
Th‘ characteristic separates the transient flow 
from a uniform flow. The uniform flow is found 
by the solution of Eqs. 8-20 and 8-21 with u set 
equal to the piston velocity. The case of steady 
detonation initiated at a rigid fixed wall 
corresponds to a terminal characteristic along 
which u = 0. In the polytropic case* from the 
first of Eqs. 8-22; the uniform state at rest 
extends from the back wall to a point given by 


— - 1 + V6 


~m - d ~ 


-= 1/2 


Am- “i 


D - u. 


+ 1 


“= 1/8 
P^ 


\ m-u x 

I D - u, 


+ 1 


■ = V2 


D - u 


+ 1 


f = 1- 


K + 1 
2 



when u 


0 


= 1 - 2 (u x /D) for k = 3 


(8-24)f 


For condensed explosives, the ratio u x /D « 1/4 
so that l 1/2 when k - 3. For this case, the 
pressure on the back wall can be calculated from 
the third of Eqs. 8-23, Using K- 3, J* = 1/2, and 
u x /D ~ 1/4, we obi-oin the order of magnitude 
result p/p j » 8/27. 

From these considerations, we see that the 
reaction zone is followed by a column of 
forward-moving explosion products, the length 
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of which increases linearly with time. For a solid 
explosive, the length of this column is of the 
order of one-half the distance traversed by the 
detonation wave from its point of initiation. If 
initiation is at a rigid wall, the column of 
f or ward- moving products is followed by a 
column of stationary gas which also increases in 
length and within which the pressure is constant. 

Shear 7 has employed numerical methods to 
solve Eqs. 8-20 and 8-21 for the explosive 
pentolite at a loading density of 1.65 g/cm 3 . He 
employed the equation of state of Halford, 
Kistiakowsky, and Wilson to construct the 
isentrope through the Chapman-Jouguet state 
and obtained the function o by numerical 
integration. The particle velocity and pressure 
through the Taylor wave for a detonation 
originating at a rigid surface as determined by 
these calculations are shown in Fig. 8-4. It is 
interesting to note that in Shear’s detailed 
calculations, u- 0 and p/p l * 0.295 atf = 0.483. 
For the polytropic gas with k = 3, D. - 4u 1 , we 
have obtained the estimate, u - 0 and p/p = 
0.296 at £ = 0.5. 

Suppose that the point x = 0 represents an 
interface between explosive and air, i.e., that the 
plane of initiation is unconfined and that a 
Chapman-Jouguet detonation is initiated at t = 0 
on this interface. There will then result a 
backward flow of explosion products in the 
negative ^-direction. This flow is the same as 
though the piston of our model is conceived to 
•begin to move at t = 0 with a constant velocity 
sufficient to reduce the pressure on the piston to 
the ambient air pressure. The velocity of the 
air-explosion product interface can be 
determined by solving Eqs. 8-20 and 8-21 with p 
= p o . For vhe polytropic case, and neglecting p o 
compared to p x , we obtain from Eqs. 8-22 the 
result 


u 

— 



K + 1 
K- 1 



when p ~ 0 


= 2 - D/u x for K - 3 


(8-25) 


Thus, for a condensed explosive with k « 3, D = 
, we obtain the order of magnitude result 
chat u/u^- 2. 

We have seen that when the rear surface of the 
explosive charge is uuconfined, the flow behind 
the reaction zone consists of a column of 
forward-moving explosion products, the length 


of which increases linearly with time, followed 
by a column of backward-movii'g products 
whose length also increases linearly with time. 
For a solid explosive, the length of the 
backward-moving products is of the order of 
twice the length of the forward-moving products 
and the negative velocity of the air-product 
interface is of the order of twice the (forward) 
particle velocity of the Chapman-Jouguet state. 

Equations of state of detonation products 
5,6,8 have been generated from hydrodynamic 
properties of the products measured by 
impedance mismatch methods 9,10 . The early 
work of Lawton and Skidmore, and Deal 
showed that shock compressions and adiabatic 
expansions of the detonation products from* the 
Chapman-Jouguet state in many high, explosives 
are consistent with a p';ly tropic -et, atjon of 
state. The value of the poly tropic index above 
100 kbar is found to be about 3. Further work 
by Skidmore and Hart 11 on overdriven 
detonation waves in Composition B in the 300 
kbar regime indicates that the simple polytropic 
relationship with a constant index appropriate 
to the Chapman-Jouguet state is adequate for 
predicting overdriven detonation wave 
properties, shock compressions, and adiabatic 
expansions from a given overdriven state. 
Equations of state of detonation products 
applicable over a wider pressure range below the 
Chapman-Jouguet state have been generated for 
many explosives by Wilkins 12 and coworkers at 
the Lawrence Radiation Laboratory. The basis 
of the method is to use the 

energy-pressure-volume equation of state of the 
products as a variable in a two-dimensional code 
for calculating the radial expansion of a copper 
vessel containing a detonating explosive. 
Numerical experiments are performed with a 
computer until calculated expansions agree with 
those observed* experimentally. 

8-6 THE DETONATION WAVE WITH 
EQUILIBRIUM PRODUCT COMPOSITION 

In order to provide an easily visualized model 
of the detonation wave reaction zone, we 
assumed in par, 8-4 that the detonation reaction 
proceeds to a fixed composition that is known a 
priori. With this assumption, it was possible to 
define a “degree of reaction” and to employ this 
parameter to characterize points within the 
reaction zone at which the reaction is 
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incomplete. The degree of reaction was thus 
described by the progress variable £, defined by 
Eq, 8-16 as the fraction of the energy of 
explosion released at the point in the reaction 
zone characterized by a particular value of £. 

Under these assumptions, Hugoniot curves can 
be constructed fcr all points in the reaction zone 
between the initiating shock wave and the point 
at which the reaction is complete, each curve 
being labeled by a value of £. Within the context 
of the model employed, these curves have 
physical meaning, representing the locus of all 
states that are compatible with the conservation 
conditions and for which the amount of energy 
released is given by Eq. 8-16. Under these 
assumptions, no ambiguity is encountered in the 
statement of the Chapman-Jouguet condition 
since the Hugoniot curve for complete reaction 
is a curve for constant composition. This curve is 
tangent to an isentrope along which the 
composition is constant and wh^se slope is 
characterized by the frozen sound speed in 
which the differentiation is performed at 
constant composition. The Chapman-Jouguet 
condition can thus be written in the usual way 
in terms of the frozen speed of sound. 

However, the final Hugoniot cu/ve is supposed 
to describe the states that are compatible with 
the conservation conditions when all of the 
reaction rates R. of Eqs. 8-7 have vanished, i.e,, 
when the explosion products are in 
thermodynamic equilibrium. Therefore, the final 
Hugoniot curve of Fig. 8-2 does not necessarily 
represent physically accessible states of the 
explosion products and it may, in fact, not even 
be a good approximation to the states that can 
actually be reached from different points on the 
initial Hugoniot curve. 

Suppose that the segment of the Rayleigh line 
CB of Fig. 8-2 represents an actual reaction 
process, initiated at the state C on the initial 
Hugoniot curve and terminating at the state B. 
In general, the Hugoniot curves labeled with 
different values of the progress variable £ and 
drawn for constant composition represent 
physically real (i.e., accessible) states only at 
their points of intersection with this particular 
Rayleigh line. If a different process-represented 
by a Rayleigh line from a different point on the 
initial Hugoniot curveHs considered, the fixed 
composition Hugoniot curves, drawn for 
particular values of the progress variable £, will 


not in general coincide with those for the first 
process. In other words, the sequence of states 
between the initial Hugoniot curve and the final 
(equilibrium) Hugoniot curve, each of which 
represents a locus of physically real states, 
depends not only on the fraction of energy 
released but also on the position on the initii 
Hugoniot cu^/e from which the process starts. 
Thus, in general, the sequence of states in the 
reaction zone of a detonation wave depends on a 
progress variable such as £ and an additional 
parameter which may be the detonation velocity 
D. 

Although it is evident that a single parameter 
does not suffice in principle to prescribe a 
unique family of cunres of the vom Neumann 
type (such as those of Fig. 8-2), descriptive of 
states within the reaction zone that are reached 
from any poihe on the initial Hugoniot curve, 
such a model may provide a useful approximate 
description. This would be the case if only one 
reaction process were to be involved, or 
alternatively if all other reactions were to have 
much faster reaction rates so that a state of 
quasi-equilibrium is approximately established at 
each stage. In practice, n single reaction will 
hardly ever be sufficient to describe the reaction 
process, but it may very well happen that one 
particular step is much slower than the rest. 
Thus, for example, in granular explosives it can 
frequently be assumed that grain or surface 
burning determines the rate of release of energy, 
and that this process is followed by equilibration 
among the products at a much faster rate. 

It has been customary tacitly to assume that 
the equilibrium sound speed should be 
employed in defining the stable velocity of a 
detonation wave that is not supported by a 
piston when the reaction terminates in an 
equilibrium state. Although many numerical 
calculations have been conducted in which the 
frozen sound speed was employed for this 
quantity, it has been assumed, either explicitly 
or implicitly, that this simplification is an 
approximation, justified by the fact that the two 
different statements of the Chapman-Jouguet 
condition do not lead to very different values of 
the detonation velocity. 

Wood and Kirkwood 13 have shown that if a 
stable Chapm u-Jouguet detonation wave exists, 
its velocity must be determined by a 

Chapman-Jouguet condition in which the 
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equilibrium sound speed is employed. This 
implies a physical model in which the reaction is 
initiated in a shock front and terminates at the 
leading edge of a rarefaction wave at which 
point the reaction is complete and the explosion 
products are in thermodynamic equilibrium. 
Consider the reaction pictured in Fig. 8-5 that is 
initiated at the point C on the initial Hugoniot 
curve S and during which the state point moves 
along the Rayleigh line CB' B. Let the point B 
be an equilibrium state at which the Rayleigh 
line is t&ngent to Hugoniot curve F at fixed 
composition for the composition of the point B. 
Let the Hugoniot curve E be the curve for 
equilibrium states that is also centered on the 
point (P 0 ,v o )- This curve evidently passes 
through the point B. It can be shown by the 
thermodynamic equilibrium conditions that the 
curve E lies to the left of the curve F for 
pressures greater than the pressure at the point 
B. The Rayleigh line CB thus has a point of 
intersection with the equilibrium at a point, say 
B' , that lies between the points C and B. It 
follows that the predicated process cannot 
terminate at the state B' but must terminate at 
the state B' which also an equilibrium state. 
Now, the wave of minimum velocity that 
terminates in a point on the equilibrium 
Hugoniot curve is the wave whose Rayleigh line 
is tangent to the equilibrium Hugoniot curve. It 
has been shown in Chapter 6 that the 
equilibrium Hugoniot curve is tangent to an 
equilibrium isentrope at its point of tangency to 
the Rayleigh line. Thus the slope of the Rayleigh 
line at this point is characterized by the 
equilibrium sound speed. Our physical model 
implies that this is the speed at which the 
rarefaction wave advances into the explosion 
products. It is so be noted that this argument 
does not prove the stability of the postulated 
flow. 

The curves for the rates of the chemical 
reactions that occur in the reaction zone as 
functions of time must be asymptotic to the 
time $xis for any reasonable rate laws. 
Therefore, if the reaction terminates in an 
equilibrium state, the separation distance 
between the shock front and rarefaction wave 
must, in the one-dimensional case, be infinite. 
This formal result is without substantial 
practical importance for two reasons. The first is 
that even in the theoretical one-dimensional 


case, the reaction of substances of practical 
interest is substantially complete in a short 
distance behind the shock front, so that an 
effective reaction zone thickness exists that is 
finite but of somewhat indeterminate extent 
within which all but an infinitesimal amount of 
the energy of reaction is released. The second is 
that in detonation waves of explosive charges of 
finite extent, the position of the rarefaction 
wave, in the flow is unambiguously fixed by 
other dynamical considerations. Thus, these 
considerations of the nature of the stability 
conditions for the one-dimensional detonation 
wave are mainly of theoretical interest. 
Although the matter is not satisfactorily settled, 
it appears from these considerations to be 
plausible that a detonation wave with a steady 
reaction zone terminating at a rarefaction wave 
in an equilibrium state exists only in an 
asymptotkrsense. 

On this basis, the results are physically 
reasonable. The isentropes which appear in a 
theory based on equilibrium Hugoniot curves 
must necessarily themselves correspond to 
equilibrium changes. This is physically 
acceptable since the infinitesimal rarefactions 
that enter into the Chapman-Jouguet theory are 
presumably real rarefactions, involving a change 
in composition when the system is one in which 
such changes can occur. Since we are here 
concerned with the asymptotic properties of a 
rarefaction wave whose gradient approaches zero 
with time, it is physically acceptable that the 
sound speed appearing in the theory be that 
characteristic for the propagation of scund in 
the limit of zero frequency. 

We have shown that a steady reactive flow 
exists in which the reaction is initiated in a 
shock wave and terminated at a rarefaction wave 
advancing into the equilibrium mixture of 
explosion products with the equilibrium velocity 
of sound. (We have not shown that this flow is 
stable.) We now want to exclude other 
possibilities. Brinkley and Richardson 14 haye 
supposed that the rarefaction wave is located a 
finite and fixed distance downstream from the 
shock wave. They have shown that a steady flow 
exists between the shock wave and the leading 
edge of the rarefaction wave,, and that the 
propagation velocity of the rarefaction wave 
relative to the explosion products is the frozen 
c cund speed. They culled such flows subideal 
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Chapman- Jouguet states. Since the reaction is 
complete an infinite distance downstream, it 
follows that the reaction is proceeding in the 
unsteady rarefaction wave. 

Now we wish to show that, if the chemical 
reaction is still proceeding in the rarefaction 
wave, a pressure pulse must eventually overtake 
its front. In a rarefaction wave there are two 
possibilities: either a signal overtakes the front 
or a signal does not overtake the front. Let us 
make the hypothesis that a signal does not 
overtake the front Then the rarefaction wave 
will, in the passing of time, approach a steady 
state (in most cases this steady state will be a 
uniform state; however, we do not need to 
assume this here). Now suppose that upstream 
ahead of the rarefaction front we have a subideal 
Chapman-Jouguet state and, consequently, that 
+ he rarefaction front is moving with a constant 
velocity equal to the velocity of the shock front. 
We have already shown that, in this case, the 


second law of thermodynamics allows the 
existence of the steady state only upstream from 
the rarefaction front. Therefore, the hypothesis 
must be false since it implies that a steady state 
is approached on the downstream side of the 
rarefaction front. Consequently, a signal must 
overtake the rarefaction front. To complete the 
argument, we must show that this signal must be 
a. positive pressure pulse. Reasonable 
assumptions concerning the variation of sound 
velocity with pressure will imply that a 
rarefaction wave cannot overtake a rarefaction 
wave: therefore, the signal must be a positive 
pressure pulse (which may or may not crest, up 
into a.shock). 

These arguments are limited to the case in 
which the reaction is not complete at the 
rarefaction front. This required use of a subideal 
Chapman-Jouguet state between the shock and 
rarefaction fronts, and the, corresponding finite 
separation distance between the fronts. If the 
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reaction is complete at the rarefaction front, the 
ideal Chapman-Jouguet state will exist between 
the two fronts, and the rarefaction front will be 
an infinite distance downstream from the shock 
front. In this case a rarefaction wave can behave 
in the usual fashion, with no signals overtaking 
its front, and can approach a uniform steady 
state without contradiction since there is now 
no definite limit downstream for the steady 
state. 

These considerations lead us to the conclusion 
that, in the one-dimensional case, if the reaction 
is not complete at the rarefaction front, the 
chemical energy will not be lost forever behind 
the front. At least a certain fraction of the 
energy must eventually be delivered upstream in 
the form of a positive pressure pulse. However, 
in two or three-dimensional processes a sidewise 
expansion in the rarefaction wave is possible 
with the result that signals may never overtake 
the front, and the total amount of the chemical 
energy liberated in the rarefaction may never be 
delivered upstream. 

Brinkley and Richardson erroneously 
concluded that the propagation velocity, the 
asymptotic ideal Chapman-Jouguet wave in 
one-dimension, is defined by the frozen sound 
speed. We have shown that this cannot be the 
case and have inferred from arguments of 
physical plausibility and from the demonstration 
of Wood and Kirkwood that the asymptotic 
wave, if it exists, is characterized by the 
equilibrium sound speed. In an earlier paper, 
Kirkwood and Wood 15 had reached similarly 
erroneous conclusions. They had noted that 
when specialized to one-dimensional flow, the 
general equations for reactive flow give a system 
of hydrodynamic equations which is hyperbolic 
and irreducible, and for which the characteristic 
sound speed is the frozen sound speed. This 
property of the equations led them to tire same 
conclusion that had been reached by Brinkley 
and Richardson, Subsequently, Wood and 
Kirkwood presented the elementary proof, that 
has been summarized, that the frozen 
Chapman-Jouguet state cannot be reached in a 
one-dimensional steady detonation. 

Wood and Salsburg 16 have conducted the 
most complete theoretical study of the existence 
and stability of steady state supported 
one-dimensional detonation waves. It is beyond 
the scope of our treatment to reproduce their 
analysis in detail. Their work is, however, the 


definitive treatment at this time of this subject. 
They consider the possible steady 
one-dimensional flows that can occur in a 
medium in which an arbitrary number of 
chemical reactions proceed behind an initiating 
shock wave, and they investigate the stability of 
solutions to the chemical rate equations in 
conjunction with such flows. They show that, 
under suitable conditions on the chemical rate 
functions, there are stable solutions resulting in 
equilibrium final states for detonation velocities 
equal to or greater than those for an equilibrium 
Chapman-Jouguet condition corresponding to 
tangency of the Rayleigh line to the equilibrium 
Hugoniot curve. They suggest that these 
solutions correspond to piston-supported 
detonations after the decay of initiation 
transients, and that the equilibrium 
Chapman-Jouguet detonation is stable with 
respect to, the removal of the piston after a 
sufficiently long time. They also show that the 
frozen Chapman-Jouguet detonation, in which 
equilibrium is attained at a point where the flow 
velocity is sonic in terms of the frozen sound 
speed, is unstable. 

8-7 FINE STRUCTURE OF DETONATION 
IN GASES AND LIQUIDS 

Experimental investigations since the late 
1950s have shown that self-sustaining gaseous 
detonations propagate as three-dimensional 
nonsteady waves rather than as one-dimensional 
steady-state waves. In view of this discovery, it is 
necessary to give a brief discussion of recent 
developments in the study of detonation 
structure. For more details the reader is referred 
to the reviews of Wagner 17 ; Oppenheim, 
Manson, and Wagner 18 ; Schott 19 ;Soloukhin 20 ; 
Shchelkin 21 ; van Tiggelen and de Soete 22 
Strehlow 28 ; and Edwards 24 . 

Although Chapman-Jouguet theory predicts 
gaseous detonation velocities to within a few 
percent 25 , recent experimental studies 19 *?h 
ss -28 have led to the conclusion that the 
one-dimenaional model of the detonation wave 
is an approximation. Careful examination of 
gaseous detonation shows that the detonation 
front has a fine structure composed of a system 
of unsteady interacting shocks and is not a plane 
shock. The existence of such fine structure in 
self-sustaining gaseous detonation shows the 
detonation to be a three-dimensional nonsteady 
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phenomenon that exhibits steady gross 
characteristics. White 20 first associated the fine 
structure with turbulence in the reaction zone, 
but it was lacer identified with Mach 
interactions 27 ’ 30 . In a self-sustaining 
detonation, points at which the forward 
propagating curved shocks intersect travel across 
the detonation front as waves 25 . These 
transverse waves occur at the detonation front as 
Mach stems or triple shock intersections of finite 
amplitude 31 ' 32 . As shown by Oppenheim and. 
Urtiew 23 , the motion of the triple points writes 
the pattern on the smoked surface in studies of 
detonation structure nploying the smoke track 
technique developed Denisov and Troshin 33 . 

The occurrence and structure of transverse 
waves have bet amined extensively by 
Strehlow and coworkers 34 ’ 37 . The experimental 
evidence suggests that transverse waves are an 
inherent property of the flow behind a shock 
that initiates an exothermic reaction. Transverse 
waves are produced in initiation of detonation in 
controlled one-dimensional experiments, and are 
observed repeatedly in self-sustaining, 
overdriven, and spherical detinations. 
Examination of cell patterns on smoke track 
records shows that transverse waves exhibit a 
well-regulated spacing in many self-sustaining 
detonations. The regularity depends on the 
confining geometry and the nature of the 
chemical system supporting the detonation. In 
rectangular tubes, the characteristic size of a 
regular patter is dictated by the initial pressure 
level and the amount of diluent present in the 
reactive mixture. At present, transverse wave 
spacing is thought to be controlled primarily by 
induction and recombination zone kinetics, but 
can be influenced by the tube containing the 
detonation. 

A theoretical treatment of the stability of 
steady one-dimensional detonation waves, based 
on the assumption of a square wave reactio'* 
zone, was started by Shchelkin 38 and continued 
by many workers, The restrictions imposed by 
the square wave model have recently been 
removed by Erpenbeck 39-41 arid Strehlow, et 

42-43 w ho considered a more realistic 
reaction zone. The studies of Erpenjeck on the 
response of an overdriven discontinuity to a 
transverse harmonic perturbation in the reaction 
zone indicate that instability depends on the 
frequency of the disturbance, the activation 


energy of the assumed first-order exothermic 
reaction, and the amount the detonation is 
overdriven. The stability conditions for high 
frequency transverse waves show systems with 
sufficiently low activation energy to be stable. 
The studies of Strehlow and Fernandes 42 and 
Barthel and Strehlow 43 on the behavior of a 
high frequency coherent transverse acoustic 
wave in the reaction zone give two important 
results. The first of these is that a shock, with 
exothermic reaction, of Mach number greater 
than 3, is unstable to a transverse acoustic 
disturbance. The second is the possibility of the 
wavefront of a sonic disturbance producing 
multiple shock contacts which asymptotically 
approach a regular spacing related to the 
reaction zone thickness. 

Theoretical studies show that hydrodynamic 
instabilities are to be expected in flows where a 
shock initiates an exothermic reaction,, and are 
consequently consistent with experimental 
observations. 

Although the mechanism of propagation of a 
self-sustaining gaseous detonation is qualitatively 
understood, there is no satisfactory model at the 
present time for calculating quantitative 
properties of the fine structure. It can be 
concluded that the gaseous detonation wave 
with steady gross properties contains an intrinsic 
unsteadiness on a scale some 1 order of 
magnitude greater than the one-dimensional 
reaction zone thickness. The overall motion is 
sustained by the collisions of Mach interactions 
which continually provide new centers of 
reaction as the shocks propagating forward 
attenuate. The detonation front as a whole 
propagates at very ctase to Chapman- Jouguet 
velocity, even though the velocity of a leading 
shock in the front varies from a value 10 to 20 
percent above to 10 to 20 percent below the 
Chap man- Jouguet value. Since the 

Chapman- Jouguet hypothesis is successful in 
predicting detonation velocity, it must be of 
some significance even though at the present 
time it cannot be justified on structural and 
stability considerations. 

Experiment?.! investigations of self-sustaining 
detonation in liquids have not been as conclusive 
as those of self-sustaining detonations in gases. 
Detonations in liquids are more difficult to 
study experimentally than detonations in gases 
because they generate pressures in the 100 kbar 
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regime. The experimental observation of fine 
structure in the detonation front in 
nitromethane and its mixtures with acetone led 
Drenrin 44 "* 7 to postulate that detonations inwall 
liquids should exhibit fine structure similar to 


that in gases. However, the detonation fronts in 
nitroglycerin, dinitroglycerin, and 
tetranitromethane were found 48 to be smooth 
and to exhibit no fine structure. 
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CHAPTER 9 DETONATION WAVES OF CYLINDRICAL AND SPHERICAL 

SYMMETRY 


9-1 INTRODUCTION 

The theoretical development of the previous 
chapters has been limited to detonation waves in 
one dimension in which the wave front is planar 
and the flow behind the front is parallel. A 
rather complete description of this idealized 
wave is possible, because of the simple 
geometry. The theory of plane detonation waves 
is strictly applicable only to a semi-infinite mass 
of explosive. The treatment becomes a good 
approximation to charges of finite size if the 
dimension of the charge perpendicular to the 
direction of propagation of the wave is large 
enough so that edge effects become of negligible 
importance, and if the dimension in the 
direction of propagation is large compared to 
the distance in which transients arising from the 
initiation process exist. 

Explosive charges of practical interest are, of 
course, of finite size. One expects the 
one-dimensional theory to apply to a cylindrical 
charge of explosive, initiated at one end and 
with the wave propagating in the direction of 
the axis of the cylinder if the cylinder is 
contained in a perfectly rigid casing and if the 
interaction of the explosion products with the 
casing wall has negligible effect on the main flow 
behind the detonation wave. Such a situation is 
allowed in the case of an explosive gas mixture 
contained in a rnejad tube if the tube diameter is 
not too small. 

The pressures, developed in the explosion 
reaction of a condensed explosive at the reaction 
front are of the order of 10 5 atm. At such 
pressures, material cannot be completely 
contairi«4 ahd it is impossible to conceive of a 
perfectly rigid envelope. Consequently, the 
material velocity of the product gases has a 
radial component and the flow cannot be 
one-dimensional. One* expects, therefore, that 
the one-dimensional theory will have asymptotic 
velocity, becoming the more realistic the larger 
the diameter of the cylindrical churge. 
Cylindrical charges of finite diameter are 
expected to differ in their behavior from that of 
the i#eal one-dimensional charge to a degree that 
depends on the diameter of the charge and on 
the nature of the confining envelope. 


In a cylindrical charge of explosive, the flow 
of the reaction products must have cylindrical 
symmetry. The detonation velocity along a 
finite cylindrical charge is observed, 
experimentally, to be constant after a short 
distance in which initiation transients disappear. 
It is, therefore, appropriate to assume that the 
flow ir\ the reaction zone of sucji a charge is 
stationary (in a coordinate system moving with 
the wave). The equations of hydrodynamics for 
steady flow with cylindrical symmetry are 
approximately as tractable as those for plane 
unsteady flow. Some progress has been made in 
the theoretical description of the flow in steady 
detonation waves in cylindrical charges, but a 
theory of the effect of finite charge diameter on 
the detonation velocity in such charges cannot 
be said to exist. 

A further type of nonparallel flow that has 
received limited theoretical attention is the flow 
with spherical symmetry resulting from 
initiation in a large mass of explosive at a point. 

These two instances involving nonparallel flow 
of the reaction products are the only ones that 
have been amenable to even limited theoretical 
study. It is thus apparent that the traditional 
methods of classical physics have not been 
employed to describe the detonation process in 
any actual explosive charge of two or three 
physical dimensions. The material of this chapter 
is intended to display the limitations of the 
one-dimensional theory and to assist in the 
understanding of the reasons why actual 
detonations may differ in their properties from 
the predictions of the theory. In the present 
state of knowledge, the theory cannot provide 
all of the design data needed for the rational 
design of an explosive charge for a particular 
application. 

9-2 THE EFFECT OF CHARGE DIAMETER 
ON THE DETONATION VELOCITY 

Soon after detonating explosives began to be 
studied, it was observed that the detonation 
velocity of a cylindrical charge of explosive, 
initiated at cne end and with the wave 
propagating in the direction of the axis of the 
charge, depends upon the diameter of the charge 
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and upon the nature of the charge confinement. 
The velocity increases with increasing charge 
diameter in charges with the same confining 
envelope and with increasing strength of 
confinement at constant finite diameter. At 
constant confinement and with increasing 
diameter, the detonation velocity approaches 
asymptotically a limiting value which, on 
physical grounds, we consider to be that 
predicted by the one-dimensionai theory. If D is 
the observed detonation velocity for charge 
diameter d (i.e., D ~ D(d)) and the ideal 
value gL;sn by one-dimerisional theory, then 

D/D„ -*• 1 as d ■* - (9-1) 

This behavior is illustrated in Fig. 9rl, in 
which the detonation velocity of RDX at a 
density of 0.9 g/cm 3 is plotted against the 
reciprocal of the cylinder radius. The 
experimental data are s^.n to be v/ell 


represented by a straight line. (Experimental 
data on the variation of detonation velocity with 
charge diameter have been represented in the 
literature in graphs employing the radius instead 
of its reciprocal as abscissa. Since the detonation 
velocity is expected to approach the ideal limit 
asymptotically as the radius goes to infinity, 
there can be no justification for this mode of 
treatment of the data, calling as it does for an 
extrapolation of infinity.) 

It is found experimentally that the slope of 
curves such as that of Fig. 9-1 depends strongly 
on the density of the explosive, its chemical 
nature, and its state of aggregation. The velocity 
depends on the charge diameter more strongly 
for explosives at low loading density than for 
the same explosive at high loading density, for 
pressed granular explosives than for 
homogeneous cast explosives, for composite 
explosives than for pure explosive compounds, 
and for explosives of low energy release than for 



Figure 9-1. Effect of Charge Diameter on the Detonation Velocity of RDX, p o x 0.9 (Ref 1 ) 
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those of high energy release. Thus, a high energy 
explosive such as PETN has a. smaller 
dependence of velocity on charge diameter than 
does one such as TNT. Cast TNT has a smaller 
dependence than does pressed TNT at about the 
same density. The dependence for a pressed 
TNT charge of high density is less than that for a 
pressed charge at low density. At low density, 
the dependence of the velocity on charge 
diameter is strongly influenced by the particle 
size of the explosive, being the greater the 
greater the particle size. The latter observation 
suggests that the rate of decomposition of a 
granular explosive is controlled by the rate of a 
surface reaction of the individual particles. By 
contrast, in homogeneous explosives that can be 
expected to undergo a bulk homogeneous 
decomposition reaction, only a relatively small 
dependence of detonation velocity on charge 
diameter is observed. 

Although the general features of the 
dependence of detonation velocity' on charge 
diameter and the nature of the confinement 
have beer studied experimentally for many 
years, attempts to explain the effect in terms of 
the hydrodynamics and thermodynamics of the 
system were not made until about 1940. Since 
that time, a qualitative understanding of the 
effect has been gained but a satisfactory 
quantitative theory of the phenomenon does not 
exist. 

In the one-dimensional case, the 
Chapman-Jouguet condition has been shown to 
define a surface aut** which energy cannot be 
transmitted. In the infinite charge of explosive, 
, or alternatively in a finite charge under ideal 
confinement, the reaction is complete at this 
surface and this surface lies an infinite distance 
downstream from the leading edge— the shock 
wave— of the detonation wave. In the last 
chapter, it was stated that steady reaction zones 
can be shown to exist between a surface defined 
by a frozen sound velocity Chapman-Jouguet 
condition and the shock wave, where this 
surface is a finite distance from the shock front 
in a region where the reaction is incomplete, but 
that such steady flows are unstable. These 
theoretically steady but unstable configurations 
of shock wave and rarefaction front were called 
subideal Chapman-Jouguet states, If a cylindrical 
charge of explosive is imperfectly confined, the 
high pressure explosion products will expand 


laterally, and this lateral expansion will begin at 
the intersection between the initiating shock and 
the boundary of the charge. Thus, both in the 
reaction zone, which we may assume to be a 
region of steady flow, and in the expansion 
wave, which cannot be a region of steady flow, 
the vector particle velocity of the explosion 
products will have a nonvanishing radial as well 
as axial component. The region of steady flow is 
followed by a two-dimensional rarefaction wave 
that is determined by boundary conditions 
prescribed on the interface between explosion 
products and surrounding medium. As a 
consequence, the leading edge of the rarefaction 
wave, propagating into the explosion products 
with the local velocity of sound, must be fixed 
in space relative to the position, of the shock 
front. Shock front and head of rarefaction wave 
are surfaces of revolution about the axis of the 
cylindrical charge defining a reaction zone 
having the shape of a meniscus and a volume 
characterized by two linear dimensions, of 
which one is the diameter of the explosive 
charge and the other can be taken to be the 
distance on the axis of the charges between the 
shock front and the rarefaction front. 

As far as the propagation of the detonation 
wave is concerned, the reaction is arrested at an 
intermediate stage corresponding to only a 
partial release of the energy of explosion. 
Energy released in the rarefaction wave cannot 
be transmitted across the sonic surface 
comprising the head of the rarefaction wave, and 
it is expended in partial support of the lateral 
expansion of the gas in the rarefaction wave. 
Only the energy that is released ahead of the 
sonic surface is effective in supporting the 
propagation of the detonation wave, The 
consequence of the establishment of a 
two-dimensional analogue of the subideal 
Chapman-Jouguet state that has previously been 
considered, with an energy deficit caused by 
incomplete reaction on the sopic surface, is a 
decrease in the detonation velocity 

There is a further mechanical consequence of 
the lateral expansion of the reaction products in 
finite cylinders of explosive. Work is performed 
in maintaining the radial component of particle 
velocity which, as we have already noted, is 
nonvanishing in the steady reaction zone. As a 
consequence, not. all of the energy released in 
the region of steady flow' is effective in 
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supporting the axial propagation of the wave, 
and the detonation velocity is less for diverging 
flow than for parallel flow with the same energy 
release. 

Divergent flow across a shock front implies a 
curved shock front and vice versa. Flow crossing 
an oblique shock is turned toward the shock. 
Therefore, the shock front is convex toward the 
intact explosive and concave toward the reaction 
zone. The assumptions that have been made in 
formulating the model that has been described 
are supported by experimental observations of 
the curvature of the front in cylindrical 
explosive charges. The observations are made 
with a streak camera with the axis of the 
cylinder oriented in the direction of the camera 
optical axis and with the wave propagating 
toward the camera. The detonation wave is 
observed to emerge first from the explosive 
charge at the axis. 

The curvature of the shock front, the 
divergence of the flow in the reaction zone, and 
the extent of the region of steady flow are 
determined by the diameter of the charge and 
the nature of the confinement. The theoretical 
calculation of the curvature (or, alternatively, of 
the flow divergence) would require the solution 
of a complex hydrodynamieal problem involving 
the formation of shock wave or waves in the 
exterior medium and requiring the 

determination of the location of the contact 
surface between explosion products and exterior 
medium. In a bare charge, surrounded by air, a 
cylindrically symmetric shock wave will be 
propagated outward in the air. If the charge is 
cased, a shock wave is propagated into the 
casing. If the casing is thin, the problem is 
further complicated by the subsequent 

reflection of this shock wave at the boundary 
between casing and air, resulting in a reflected 
wave and a transmitted wave into the air 
surrounding the cased charge. 

The shape of the reaction zone may be 
characterized by the diameter d of the reaction 
zone and the axial distance a Q of separation 
between shock front and the head of the 
rarefaction wave. If the surrounding medium is 
defined, and the problem of fully describing its 
motion could be solved, these two dimensions 
would fully characterize the region of steady 
reaction upon which the propagation of the 
wave depends. The only dimensionless 
combination of these lengths is the ratio a o /d, 


and no other characteristic lengths can occur in 
the theory. Therefore, from dimensional 
considerations alone, we can write 

D/D m » F(a 0 /d) (9-2) 

The function F can always be represented by its 
MacLaurin expansion. Taking into account the 
asymptotic behavior sumr. rized by Eq. 9-1, we 
can write 

D/D„ = 1 + A(a„/d) + ( 9 -3>- 

where A is a constant and where- for small values 
of a^/d the higher order terms can be neglected. 
It will be noticed that the data shown in Fig. 9-i 
is well represented by an equation linear in 1/d. 
It is, in fact, generally true that experimental 
data for the velocity deficit in finite cylindrical 
charges can be represented, for small values of 
the deficit, by Eq. 9-3. The proportionality 
constant Ad o is a function of the confinement 
on the charge for charges of a given density. 

9-3 DIVERGING FLOW WITHIN A 
CYLINDRICALLY SYMMETRIC 
STEADY REACTION ZONE 

When a detonation wave progresses in the 
direction of the axis of a cylindrical charge of 
explosive, it is found experimentally that the 
rat? of propagation is constant and that the 
leading shock wave is convex in the direction of 
propagation of the wave. These observations 
imply that a steady reaction zone exists and that 
the reaction zone has cylindrical symmetry. In 
order to connect such a flow region with a 
stationary (in laboratory coordinates) 
downstream boundary on which the values of 
the various quantities describing the flow are 
prescribed, it is necessary to postulate a 
cylindrically symmetric unsteady expansion 
wave. Thus, we may consider the flow illustrated 
schematically by Fig. 9-2, in which, the 
coordinate system is at rest in the wave front, 
the *-axis being coincident with the axis of the 
cylindrical charge of explosive with origin in the 
wave front and with the radial coordinate r 
measuring the distance from the *-axis. The 
intact explosive moves from right to left with 
constant velocity w o « D. To the left of the 
wave front, the particle velocity vector has an 
axial component w x and a radial component w r . 
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II u and co are the axial and radial components, 
respectively, of particle velocity relative to 
laboratory coordinates, 


w x ~ D - u 

W r - CO 


(9*4) 


Wood and Kirkwood 2 have considered the 
flow illustrated by Pig. 9-2, assuming a single 
chemical reaction in the steady reaction zone. 
The progress of such a reaction can be described 
by a. progress variable X which has the value 0 at 
the wave front where the reaction is initiated 
and the value 1 when the reaction is- complete. 
The rate equation for such a reaction c&n be 
written 



where AF is the change in free energy for the 
reaction occurring in the reaction zone. 

For the postulated steady flow, Wood and 
Kirkwood 2 transform these hydrodynamic 
equations into the form 



where the rate function R is a function of the 
instantaneous state of the system. Since the 
mobile time derivative is 


where c is here the frozen sound speed 

c 2 * {dp/dp\ x (9-11) 


d 9 ^ x d d 

— = — - + (JO - u)— + (jj ~~ 
dt dt ' dr 


(9-6) 


Eq. 9-5 becomes 


(D 


ax ax 

U) + O) r 
dx dr 


for the steady flow under consideration. 

The differential equations for the conservation 
of mass, momentum, and energy are given in 
par. 2-6. For cylindricaily symmetric flow, they 
are the equation of continuity 

Hs)*f[¥b <** 

the equations of motion 


> (9-8) 



dt p \drl 

and the equation for energy transport 

de /ds\ p (dp\ 

T = T 7 -f + RAF 
dt \dt ) p 2 \dtl 


(9-9) 


and o is the quantity 

i /a p\ 

Instead of attempting a complete solution of 
these equations, Wood and Kirkwood specialize 
them to the axis of symmetry (r = 0) where w - 
0, dp/dr * 9 and dp /dr ~ 0- When the results 
are solved for the derivatives of the axial 
component of particle velocity and pressure 
with respect to the coordinate x, there are 
obtained 



where 


G = 1 - (D - iif/c 2 


(9-14) 


and where the superscript zero indicates that the 
derivative so/ designated is evaluated on the axis, 
r= 0. 
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Now, the^postulated flow has been assumed to 
consist of a steady reaction zone that is 
connected to the rear boundary by an unsteady 
expansion wave. The surface separating these 
two regimes must be a weak discontinuity. At 
such a surface, the axial derivatives of pressure 
and axial component of particle velocity are 
discontinuous. If these quantities are 
discontinuous on the surface separating the: two 
regions, and in particular if they are 
discontinuous at the intersection of this surface 
with the x-axis at the point labeled x-= a o in Fig. 
9-2j the right-hand side of the first two of Eqs. 
9-13 are indeterminate at * = a . Therefore, at# 

o 1 

G = 0 or D = w + c (9-15) 

and 

3 co 

Yr = aRI2 (9-16) 

Eq. 9-15 is identical in form to the 
Chapman- Jouguet condition for the plane 
detonation wave. It is appropriate, therefore, to 
refer to the surface separating the steady 
reaction zone and the unsteady expansion wave 
as the Chapman-Jouguet surface. The relation 
states that the rarefaction wave advances into 
the explosion products with the local velocity of 
sound. However, from Eq. 9-16 we conclude 
that the Chapman-Jouguet surface is fixed in 
space relative to the initiating shock wave. The 
surface intersects the axis of symmetry at the 
point x - a Q at which, according to Eq. 9-16 the 
reaction is incomplete; R > 0, if 3c o/dr > 0. 
Therefore, not all of the energy of the explosion 
reaction is released in the steady reaction zone. 
Furthermore, the Chapman-Jouguet point 
defined by Eq. 9-15 is a frozen 

Chapman-Jouguet point, defined in terms of the 
frozen sound speed. 

The distance a Q is a characteristic length of the 
cylindrically symmetric diverging flow and may 
be employed to characterize the thickness of the 
reaction zone. 

Eqs. 9-13 can be integrated to yield integral 
relations analogous to the Hugoniot equations 
for plane, one-dimensional flow through a 
steady reaction zone, obtained in the last 
chapter. With the aid of the conditions on the 
axis of symmetry relating the state of the 


unshocked explosive to the shocked unreacted 
explosive, Wood and Kirkwood obtained the 
expressions, 



o 


In deriving Eqs. 9-17, terms quadratic in 
(3co/3r)° have been neglected. Eqs. 9-17 are 
generalized Hugoniot ^equations for cylindrically 
symmetric diverging flow through a steady 
reaction zone. They determine the state of the 
material in the reaction zone and on the axis in 
terms of the state of the intact explosive ahead 
of the wave. For parallel flow, 3cu/3r ® 0 and 
Eqs. 9-17 become identical with the Hugoniot 
equations that were obtained in the last chapter 
for parallel flow. 

When the conservation conditions, as derived 
by Wood and Kirkwood, are analyzed, it can be 
seen that they differ from the analogous 
expressions for parallel flow in an important 
aspect. As a mechanical consequence of the 
divergent flow, the propagation velocity is less 
than that for parallel flow for the same energy 
release at the Chapman-Jouguet point. A further 
decrease in propagation velocity is the result, in 
principle, of the fact that the reaction is not 
complete at the Chapman-Jouguet point. 

In order to make use of these expressions, it is 
necessary to obtain a relation for the radial flow 
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divergence bcofbx on r - 0 as a function of x. To 
do this exactly would require the complete 
solution of the flow equations subject to 
boundary conditions prescribed on the interface 
between explosion gases and exterior medium. 
Wood and Kirkwood obtain an approximate 
relation by using the law of conservation of 
mementum to relate dio/dr to 3 2 p/3 r 2 and then 
employing an estimate of the latter quantity. 
When the second of the equations of motion is 
differentiated— specialized to the axis r = 0— and 
then integrated with neglect of terms of order 
(boi/b r) 2 , they obtain 



The quantity (bo>/br)° at x = 0 can be expressed 
in terms of the radius of curvature of the shock 
front at the axis s by 

/3cA° _ u( 0; 0) (9-19) 

W ' s 

x*0 


v’here u (0, 0) is the particle velocity at x = 0, r = 

O. The second radial derivative of the pressure is 
estimated by means of a simplified model of the 
geometry of the reaction zone, shown 
schematically by Fig. 9-3. It is assumed that the 
Chapnian-Jouguef surface is a plane 
perpendicular to the x-axis at x - a This 
surface intersects the curved- shock front, as is 
shown. It is further assumed that the portion of, 
the curved shock front ahead of the 
Chapman-Jouguet surface can be represented 
with sufficient prt rision by a segment of a 
sphere of radius s. The pressure p (x) on the 
shock front at a point where* the axial 
coordinate is x can be represented 
approximately be an expansion about the 
pressure on the axis 

P, (*) = P(*. 0) + r(^j + (||) + - (9-20) 

The second term on the right-hand side of this 
equation vanishes because of the cylindrical 
symmetry. In approximation r 2 = 2sx, If the 
further approximation is made that the shock 



Figure 9-3 . Model of the Reaction Zone Employed by Wood and Kirkwood 
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pressure is constant on the shock surface p x = 
p(0, 0), Eq. 9-20 yields the desired relation in 
approximate form 

(S)° %t[ p(0 ’ 0) ' p H (9 ' 21) 

By use of Eqs. 9-18, 9-19, and 9-21, the 
expression for (dco/3r)° becomes 



where higher order terms have again been 
neglected. 

Additional approximations are made to obtain 
an approximate explicit solution. Wood and 
Kirxwood assume that the pressure profile on 
the axis is square with 

p = p(0, 0) , x <a 0 1 


where p x is the pressure on the 
Chapman-Jouguet surface at the axis. Using a 
free volume equation of state for the explosion 
products and the typical values p l[p(a o ,0)\ = 
0.7 and p o /[p(0,0)] = 0.55, they finally obtain 
the relation 

D/D, „ = 1 - 3.5 a Q /s (9-24) 

This relation, although based on an approximate 
model of the reaction zone and with the 
coefficient evaluated for a particular physical 
explosive, exhibits the nature of the dependence 
of the detonation velocity in a finite cylindrical 
charge on the radius of curvature of the shock 
front. 

9-4 THEORIES OF THE CHARGE 
DIAMETER EFFECT 

The analysis by Wood and Kirkwood of the 
consequences of divergent flow in a steady 
reaction zone provides a considerable insight 
into the conditions that obtain in a cylindrical 
charge of explosive along the axis of which a 
detonation wave is propagating with constant 
velocity, Howevc;, not even their approximate 
result, Eq. 9-24 relating the velocity deficit to 


the radius of curvature of the shock front, is a 
satisfactory theory of the charge diameter effect 
since the radius of curvature is difficult to 
measure experimentally and it cannot at present 
be calculated in terms of the dimensions of the 
charge. A complete theory of the charge 
diameter effect would make possible the 
calculation of the velocity deficit U -U from 
a knowledge of a characteristic time or length 
characterizing the chemical reaction, the 
diameter of the charge, and the properties of the 
confining media. Several authors have attempted 
this more elaborate program. In each case, the 
analysis has been based upon a drastically 
simplified physical model, the mathematical 
description of which has involved a variety of 
mathematical and numerical approximations, 
together with various self-contradictory initial 
assumptions. These treatments have had as a 
common aim the evaluations of the function 
F(ajd) of Eq, 9-2. 

The resulting theories have always been 
employed in an inverted sense. Since kinetic 
data permitting an a priori calculation of a 
characteristic reaction time for condensed 
explosives is, in the main* nonexistent, the 
theories have been employed to deduce the 
characteristics of the reaction zone from the 
experimentally determined dependence of 
detonation velocity on charge diameter. When 
expressed in terms of a “reaction zone length’’, 
the various different models yield results 
differing by a factor of about 2 and thus are in 
agreement as to order of magnitude. In. view of 
the arbitrary nature of the underlying 
assumptions and the approximations entering 
into the subsequent derivations, there exists 
considerable uncertainty as to the physical 
significance to be ascribed to the pwameters of 
the various theories. It is the authors’ opinion 
that they have little to recommend them over 
the simple empirical result expressed by Eq. 9-3. 
In these circumstances, and because detailed 
treatments are readily available in the literature, 
we shall not attempt a detailed exposition of .he 
different theories but shall limit our discussion 
to a description of the models and a statement 
of the results. 

Two theoretical treatments of the nonideal 
detonation velocity in a cylindrical charge of 
explosive of finite radius have a common basic 
assumption, namely, of the hydrodynamic 
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equations, only the equation of continuity 
differs from the form for parallel flow due to 
the expansion in the reaction zone. Both 
treatments assume that the reaction is complete 
a finite distance a p behind the shock front and 
that this parameter is, therefore the thickness of 
the reaction zone. 

The physical model employed by Jones is 
shown schematically in Fig. 9-4(A). Although 
the shock front is curved when the flow 
diverges, near the axis it is plane. Jones assumed 
that it is plane across the cross section of the 
charge. He approximated the divergence of the 
flow near the axis by that of a Prandtl-Meyer 
expansion around a comer a distance from the 
axis equal to the original radius of the charge. In 
addition to the assumption of complete 
reaction, Jones assumed the one-dimensional 
form of the Chapman-Jouguet condition 
(Chapter 9) and he employed the Abel equation 
of state with a covolume appropriate for TNT 
and an adiabatic exponent of 3. The equations 
resulting from these assumptions are solved 
graphically and the results are tabulated. They 
can be expressed by the relationship 

(D/DJ 2 =1-0.8 (2 ajd? (9-25) 

Eyring* Powell, Duffey, and Parlin 4 adopted a 
model consisting of curved shock front and a 
parallel curved surface of complete reaction as 
shown schematically by Fig. 9-4(B). They 
assumed that the curved shock front is made up 
of spherical segments and that the radially 
divergent flow behind a spherical detonation 
wave that is described in the next paragraph 
occurs behind each spherical segment of the 
curved shock front. The piecewise 
representation of steady flow in a cylindrical 
system by spherically divergent flow is 
self-contradictory since the radius of curvature 
of a spherical detonation increases with time 
and, therefore, a spherical detonation is not 
steady. Eyring and his coworkers obtained 
relations between the ratio D/D ' m and the ratio 
of the radius of curvature to the reaction zone 
length a o , assuming thafrihe reaction is complete 
at the surface a distance a behind the shock 
front. Using these results, they performed 
calculations of the detonation velocity for a 
typical solid explosive described by an Abel 
equation of state for given width of reaction 
zone and charge radius. In these calculations, the 


curved front was constructed from connected 
spherical segments, the spherical radii of which 
decrease as one moves outward from the axis of 
the charge. The construction was subject to a 
requirement that the whole wave have the same 
constant velocity in the axial direction. For a 
charge surrounded by air, the wave front was 
required to reach the surface with an angle of 90 
deg between the charge axis and the normal to 
the final segment. In its detail, the development 
of this theory is algebraically complex. The 
results of the calculations were represented by 
the empirical formula 

D/D„ = 1 - ao/d (9-26) 

which is identical in form with Eq. 9-3 and in 
which the proportionality constant is unity. 

Cook has based his treatment of the charge 
diameter effect on a fundamental assumption 
different from that employed by Jones mid by 
Eyring, and their coworkers. latter authors 
have assumed that the reaction is complete on 
the Chapman-Jouguet surface and have ascribed 
the velocity deficit in finite cylindrical charges 
to the mechanical effects of the diverging flow. 
Cook assumes that the flow is parallel in the 
reaction zone up to the Chapman-Jouguet 
surface and ascribes the velocity deficit to the 
fact that only a portion of the energy of 
explosion is released in the region of steady 
flow, the remainder being dissipated in the 
expansion wave. He visualizes the steady 
reaction zone as having„a conical shape of height 
a as shown schematically in Fig. 9-4(C). This 
distance is determined by the inters^. ‘•'on with 
the charge axis of the rarefaction wave moving 
in from the side, calculated from 

a 0 = ct d’ (9-27) 

where a is a constant having a value between 0 
and 1 and d 1 is a corrected diameter 

d’ » d - 0.6 cm (9-28) 

Cook assumes that any reaction occurring at 
x > a c does not effect the steady zone. According 
to these assumptions, the velocity deficit is due 
to the fact that a Q <a x where a x is the distance 
on the axis at which the reaction would be 
complete. These assumptions imply that 


9*10 





AMCf 706-110 


when a o > a % and that no diameter effect is 
then observed. This deduction is not consistent 
with the experimental observation that jD 
approaches D asymptotically. Cook made the 
further assumption that pressure, density, and 
particle velocity are constant between the shock 
front and the Chapman-Jouguet plane. With 
these assumptions, he deduced the relation, 


(D/i>J a - 1 - jl - J(^)j 2 , a 0 <a, 
- 1 ><* 0 > a i 


(9-30) 


The distance a 0 is to be calculated from Eq. 
$-27. The distance ^ can in principle be 
calculated if a reaction mechanism yielding a 
finite time to complete the reaction is 
employed, or it may be treated as an adjustable 
parameter. Such a mechanism is provided if the 
surface burning of grains of granular explosive is 
the step controlling the rate of release of 
explosion energy. In a homogeneous 
explosive^-where the reaction is 
homogeneous— 38 and Eq. 9*30 does not 
predict a charge diameter effect, which is notin 
accord with experience. 

The assumptions upon which Cook, bases his 
treatment constitute a very substantial 
oversimplification o£ the flow within the 
reaction zone. The results deduced from his 
model are not in particularly good agreement 
with experiment. In the next paragraph, we 
show that the curvature of the wave front can be 
simply described by a treatment that does not 
require use of arbitrary assumptions. 


9-5 THE RELEASE WAVE MODEL 


The release wave model is a description of 
reaction wave geometry that has been developed 
by Eichelberger® based upon the method of 
characteristics, for prediction of the impulse 
imparted to an element of surface area on an 
explosive charge of arbitrary geometry. Its 
virtues are simplicity and versatility, but 
sacrifices of precision are required in order to 
obtain these advantages, 

In principle, the model describes the 
propagation of isobars in the rarefaction 
following an idealized detonation wave. The 
propagation of the detonation front from the 
initiation source is described by means of 


Huy gen’s principle. As the front sweeps the 
boundary of the explosive charge, it 
progressively initiates a simple, centered 
rarefaction. To each isobar, or characteristic 
surface, in the rarefaction a specific density, 
pressure, and propagation velocity can be 
assigned; thus, barring interactions among 
characteristics initiated from intersecting 
boundaries or convergence due to complex 
geometries. Accordingly, Huygen’s principle can 
be used to describe the propagation of each 
characteristic. 

The special simplifications inherent in a 
poly tropic gas law with x = 3 are exploited in 
order to salvage the concept; for this specific 
condition, rarefactions from different sources 
penetrate without change. Thus, when 
rarefactions from several surfaces affect the 
impulse delivered at a point on the charge— as is 
generally the case for real, three-dimensional 
charges— Fermat’s principle of least time ctn be 
used to determine the earliest time of arrival of a 
characteristic surface identified with a given 
pressure. Fortunately for the model, the best 
measurements of equation of state of explosive 
products indicate that the polytropic gas lz./, 
with a value of k *= 3 (actually between 2.8 and 
2.9) describes the gases through die entire;icgion 
from the C-J plane to very low pressures. 

In applications to date, the reaction zone in 
the explosive has been neglected, although this is 
not a necessary feature of the model. A region 
of constant thickness md pressure distribution, 
between the detonation front and the 
rarefaction, could be added without signficant 
increase in complexity. 

The model, then, uses a histogram 
representation of the pressure behind a 
one-dimensional pulse, as illustrated in Fig. 9*5, 
The precision of the results depends upon the 
number of elements into which the pulse is 
divided. The values of particle velocity, sound 
velocity, etc. associated with each finite segment 
of the pulse are determined by use of 
one-dimensional theory. The subsequent 
procedure can follow either of two directions. 
The pressure distribution behind the detonation 
front can be developed by constructing the 
isobars in the detonation products as illustrated 
in Fig. 9-6. Alternately, the impulse delivered at 
a selected point on the surface can be estimated 
by applying Fermat’s principle, determining the 
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time of arrival of each isobar at the selected 
point, synthesizing the pressure-time history at 
the selected point, and integrating. 

As the ultimate in simplicity, for ease of 
calculation, a single square pulse has been used 
to replace the histogram composed of several 
elements. For rough approximations, a pulse 
bounded by the detonation wave and by a 
‘‘release wave” whose propagation velocity is 0;6 
times the detonation rate suffices. The 
amplitude of the square pulse is adjusted to 
make the total impulse equal to that of the real 
pulse for a one-dimensional case. In this 
simplified version, the release wave model very 
closely resembles the “detonation head” 
concept described by Cook; there is no claim of 
physical reality in the square pulse version of the 
release wave model, however. 

Refinements to the model have been 
developed to permit handling of confined 
boundaries, using simple, centered rarefactions 
with an artificial delay time and displacement of 
the boundary. 


9-6 THE SPHERICAL DETONATION WAVE 
INITIATED AT A POINT 

The expanding detonation wave with spherical 
symmetry is the only instance of a 
three-dimensional transient wave that has 
received attention. This case is of practical 
interest since it represents the immediate result 
of a localized initiating source embedded; in a 
mass of explosive. G. I. Taylor 7 has analyzed the 
dynamics of spherical detonation from a point 
and has demonstrated the theoretical existence 
of a particular flow, i.e., that the particular flow 
resulting f n his assumptions is compatible 
with the conservation equations and therefore a 
possible flow. His analysis does not prove that 
such a flow is the actual result of the point 
initiation of a detonating cxplosive. 

Taylor assumed that the reaction is 
instantaneous, resulting in a wave whose 
reaction zone is of zero thickness. The model 
employed is thus the spherical analogue of that 
used in the elementary theory of plane 



Figure 9-5, Typical Histogram Representation of the Pressure Pulse for Use in li Releasc Wave* 
Calculations Together With the Simplified Square Pulse Approximation 
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detonation waves, given in Chapter 6. He 
examined the possibility of a flow for which the 
Chapman-Jouguet condition D - u 2 + c l is 
satisfied at a spherical surface expanding with 
radial velocity £, where D was assumed to be 
constant Under these assumptions, all of the 
properties behind the wave front are easily 
shown to be functions of the single variable x - 
r/ty where r is. the radial coordinate, and the flow 
is said to be self-similar. 

The equations of continuity and motion for 
spherically symmetric radial flow are given in 
par. 2-6. They can be written 



(9-31) 


where u is the radial particle velocity. Since the 
reaction is assumed to be complete at the wave 
front, the flow behind the front is isentropic, 
3 s/di + ubs/dr = 0, and the pressure can be 


eliminated from the second of Eqs. 9-31 by the 
introduction of the sound velocity c. The 
condition that the density and particle velocity 
depend only on the variable x can be written 
3u /diA \ 


3 t + \ 3 r) 


= 0 



(9-32) 


Combining Eqs. 9-31 and 9-32, and introducing 
the sound velocity, we obtain. 


du c 2 / efp\ 
(u r x) -j- + - (j-j 
dx p \dx/ 


= 0 


{u - 



2 up 
x 


0 


(9-33) 


Following Taylor, we introduce the variables 


f =? u/x 
'P = u/c 


(9-34) 


INITIATION 


INITIATION 


initiation 





Figure 9-6, Illustration of Progress of Characteristic Surfaces in a Three-dimensional Explosive 
Charge ? as Described in the “Release Wave” Theory 
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V 



{ : 


in terms of which Eqs. 9*33 become 


dm = zf - (i~- syV 

dinx (1 - f 2 )* 1 - ? 2 

» m? - (i - 

dinx ~ (l - f 2 )* 2 - f 2 


(9-35) 


where f = 2 ( dfoi c/d%np). To integrate these 
equations, it is convenient to employ the 
quantity <f> “ c/D ~ fc/('VD) as independent 
variable. Employing the relation 


^ = ^ dt , dx ( 9 . 36 ) 

$ V $ ^ x 


Eqs. 9-35 are transformed to 

d# 2? - (1 - $yft 2 f 

d<p ~ m - wf 

d$ _ Zf_ - (1 - ?) 2 » 2 (9.37) 

d<t> ' 0(1 - f)*V 

din* (1 - f) 2 * 2 - r 2 

4> sa - n*V 

Eqs. 9*37 are integrated numerically inward 
from the wave front at which point the 
dependent variables are defined by the Hugoniot 
equations and the Chapman-Jouguet condition. 
For the flow behind the wave front, the pressure 
and density are known functions of the sound 
velocity along the isentrope terminating in the 
Chapman-Jouguet state. 

Taylor has performed the integration for 
explosion products treated as an ideal poly tropic 
gas. Shear 8 has performed the integration for 


the explosion products of the explosive 
Pentolite at a loading density of 1.65 g/cm 3 . His 
results are given in Figs. 9-7 and 9-8, where they 
are compared with his calculations for the, plane 
detonation wave that were cited in Chapter 8. 
The particle velocity becomes zero at r/(Dt) - 
0.43 and the gas between this point and the 
center of symmetry is at rest. Approximately 93 
percent of the mass of the explosion products is 
contained by die region at rest. 

In Taylor’s analysis, the radial gradients of 
particle velocity, pressure, and density are 
infinite at the wave front. It is stated. that these 
infinite rates of change probably would not 
occur if account were taken of the finite 
reaction time. However, a steady finite reaction 
zone cannot exist behind a spherically diverging 
shock front. In connection with the 
development of his curved front model for the 
calculation of the charge diameter effect, Eyring 
deduced for spherical reaction zones of finite 
width a relation between the radius of curvature 
of the front and the detonation velocity in 
which the wave velocity increases with radius 
and approaches the plane wave velocity in the 
limit. However, Eyring’s analysis Is based on the 
assumption of a stationary reaction zone, which 
is self-contradictory. It has to be concluded, 
therefore, that Taylor’s description of the Cow 
behind a spherically diverging detonation wave is 
an approximation and that more detailed 
theoretical investigations will be required before 
the degree to which his model is a useful 
description of the actual flow can be 
determined. In particular, it. must be emphasized 
that Taylor’s analysis does not demonstrate that 
spherical detonation actually occurs with a 
constant radial propagation velocity equal to 
that given by the plane wave Chapman-Jouguet 
condition. 
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Figure $-7. Particle Velocity Behind a Spherical Detonation Wave in Pentolite , p o 
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Figure 9-8. Pressure Behind a Spherical Detonation Wave in Pentolite , P ( 
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CHAPTER 10 THERMAL EXPLOSION 


10-1 INTRODUCTION 

Thermal explosion is concerned with the 
effects of uncontrolled internal heating on 
explosive systems. Such uncontrolled heating 
can be initiated by action of external heat 
sources on the explosive or simply by 
“spontaneous” decomposition of the explosive 
itself. Under appropriate (or Inappropriate) 
conditions of temperature, physical dimension, 
and thermal insulation, all explosive materials 
can undergo a build-up of chemical reaction 
leading eventually to firo and/or explosion in the 
material. 

Since thermal explosion concepts have 
significant application to the safe handling and 
storage of explosives as well as to the 
fundamental understanding of the mechanisms 
of initiation and growth of detonation, it will be 
desirable to describe the thermal explosion 
process in some detail. Par. 10-2 is devoted to a 
description of the important physical processes 
which give rise to thermal explosions. In par. 
iO-3, the theoretical treatment of thermal 
explosions as developed by previous workers 
such as Semenov 1 , Frarik-Kamenetskii 2 , 
Chambre' 3 , Zinn and Mader^Enig 5 , and others, 
is presented. Some specific applications of the 
theory are discussed in pars. 10-4 and 10-5. The 
reader will also find reference to the concepts of 
thermal explosion in Chapters 11 and 12. 

10-2 DESCRIPTION OF THE THERMAL 
EXPLOSION PROCESS 

The basis for a thermal explosion is the 
exponential dependence of chemical reaction 
rate on temperature, as expressed in the 
Arrhenius law for the reaction rate 
proportionality constant k r 

k r = Z exp[~ E/(RT)] (10-1) 

where 

Z - pre-exponential factor 
E - activation energy for the reaction, 
cal/iuole 

R - gas constant, cal/ mole- 0 K 
T ” absolute temperature, 0 K* 


In a first-order decomposition reaction, which 
is common in high explosive compounds, the 
reaction rate constant has the dimensions of 
(time)' 1 and its reciprocal is the characteristic 
life time of the explosive molecules at 
temperature T. 

A typical high explosive compound 'see Table 
10-1) has a pre-exponential factor equal to 
about 10 1 3 sec' 1 and an activation energy of the 
order of 35,000 cal/gram mole. Table 10-2 
shows how the characteristic life time charges 
with temperature for such a material. 

The figures in Table 10-2 are illustrative only 
since the decomposition mechanism may differ 
in various temperature ranges. In fact, this is 
common since some of the larger molecular 
aggregates found among the low-temperature 
decomposition products of explosives disappear 
at higher temperatures. In some cases the 
reaction produces molecules that catalyze 
further decomposition (autocatalytic reaction). 
However, the general lifetime behavior 
exemplified in Table 10-2 is characteristic of 
virtually all high explosives. 

Since the decomposition of an explosive is 
exothermic and evolves heat, there is a ten lancy 
for the decomposing material to become warmer 
and, thus, for the reaction to become, faster and 
the heat-production rate to increase. Opposing 
this tendency is the flow and loss of heat to 
cooler surroundings. The heat production. ?ate 
depends exponentially on temperature, 
according to Arrhenius’ law, while the rate of 
heat loss usually increases in a linear fashion 
with temperature. The difference in the laws 
governing heat production and heat loss lead to 
interesting consequences— depending on 
circumstances, either the opposing effects come 
into balance and the temperature at some point 
ceases to rise, and then gradually recedes as the 
decomposing material becomes used up; or, the 
opposing tendencies fail to reach a balance, In 
the latter case the chemical reaction finally 
dominates, and the result is a catastrophic 
acceleration of the temperature rise. This is the 


♦While system temperatures in this chapter may be 
quoted in degrees centigrade, the reader is cautioned 
that for calculation purposes the temperature must refer 
to an absolute temperature unit, 5.fu, degrees Kelvin. 
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TABLE 10-2 TYPICAL BEHAVIOR OF A SOLID 
HIGH EXPLOSIVE COMPOUND 
FOLLOWING AN ARRHENIUS 
REACTION LAW 


Temperature , 
°C 


Characteristic 
Life Time^k'r 1 


20 

110 

200 

260 

325 

375 

435 

500 

825 


1 million years 
1 year 
1 hour 
1 minute 
1 second 
1 tenth second 
1 hundredth second 
1 thousandth second 
1 millionth second 


thermal explosion. The final development is 
usually sudden and dramatic, and the effect on 
the observer is heightened by the fact that 
explosion can be initiated or suppressed by only 
a slight change in experimental conditions such 
as temperature, physical dimensions, or thermal 
insulation. 

The way this happens may be illustrated by 
the following simple experiment. Although the 
example chosen is hypothetical, such an 
experiment can safely be carried out in the 
laboratory if small enougi quantities of 
explosive are used—say, one- tenth gram or 
less-and if adequate precautions are taken. Fig. 
10-1 depicts schematically the conditions of this 
experiment. A test tube {in practice, preferably 
made of a high, thermal conductivity metal) 
containing the material is placed in an oil bath 
that has been previously brought to a selected 
temperature level T 0 and maintained at that 
point with a thermostat and stirring., A 
thermocouple in contact with the explosive 
records its temperature Ti . If the bath 
temperature is low enough in the first 
experiment, the temperature of the explosive 
will be observed to rise to the temperature of 
the bath, then to continue to a slightly higher 
point before it levels off. After reaching this 
maximum, it slowly cools down to the bath 
temperature again as the explosive decomposes 
and eventually disappears. When the bath 


temperature T 0 is increased in successive 
experiments, the maximum leVel of T x will be 
found to exceed T a by a wider margin. The 
decomposition which enrues after the explosive 
reaches its maximum temperature will also be 
faster. Then, at some critical bath temper/, ture 
T the material, after seeming to level to a 
steady condition, will suddenly explode. As the 
bath temperature is raised still higher, the 
explosion will occur earlier and the-tendency of 
the temperature to level off near T 0 will be less 
pronounced. Thus, one observes not only a 
critical temperature effect but also an induction 
period, or pause, before the explosion. The 
induction period is an important feature of 
thermal explosions. 

A somewhat oversimplified but informative 
description of this experiment will point out the 
basic physical processes occurring in thennal 
explosions.. One assumes, -first of fhat the 
rate 4 2 of heat gain or loss from the explosive 
can be represented by the product of a constant 
heat transfer coefficient A, the surface area A of 
the explosive mass, and the temperature 
difference; thus 

q 2 - hA(T 0 - T x ) (10-2) 

The explosive, of mass m, produces jhieat at a 
ra*' q x , given by the product of its reactionrate 
mk (first order reaction) and the heat of 
decomposition Q, which is the heat produced 
per unit weight of the decomposing explosive. 
Thus 


q x = mk r (T 1 )Q (10-3) 


where the reaction rate constant k (Ti ) k 
expressed as a function of T through Eq. 10-1. 
The net rate at which heat is accumulated in the 
material is the sum of q. and the rate of 

temperature rise will be given by this sum 
divided by the total heat capacity where c is 
the specific heat. Thus 


dT x _ (k x + k 2 ) 
dT"~ me 


(10*4) 


Thf? physical situation represented by Eq. 10-4 
may be readily understood in terms of graphs of 
the functions q x and q 2 , as shown in Fig. 10*2. 
In the example given, realistic values of the 
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various parameters of Eq. 10*4 have been 
chosen. The valr & are: m » 1.0 g, hA - 0.05 
cal/deg, (? * 500 eal/g, and c = 0.2 eal/°C-g. For 
the Arrhenius activation energy £, and the 
pre-exponential factor Z , the same values have 
been used as for the example in Table 10-2, 
namely, 35,000 cal/mole and 10 1 3 sec" 1 . 

Fig. 10-2 shows the relationship between the 
curve for heat production rate, which is an 
exponential function of temperature, and that 
for the heat loss rate,, which is a straight line of 
given slope (proportional to the heat transfer 
coefficient h). The position of the heat loss rate 
line in reference to the temperature scale 
depends on the bath temperature T q . Three 
different relationships are possible between the 
straight line and the curve, as shown in Fig. 
10-2; (1) the line may cut the curve in two 
points, (2) the line may touch the curve at a 
point of tangency ; or (3) the line may not 
intersect the curve at all. In the cases shown, the 
line for T 0 » 200° C is of the first type, that for 


T a 208° C of the second, and that for 210°C 
bi the third. 

In physical terms, when the bath is at 200° C, 
the explosive heats up to the temperature at 
which the line intersects the curve—i.e., the 
point A in Fig. 10-2— and since the heat 
production and heat loss rates are equal at this 
point, the temperatyre stabilizes, in this case at 
about 202° C. When the bath is at 208° C, the 
temperature stabilizes at a value corresponding 
to the tangency point B in Fig. 10-2, about 
221 °C. When the bath temperature is above 
208° C, the heat production rate exceeds the 
heat loss rate, and an explosion occurs. In this 
example, the temperature of 221° C is the 
highest point that can be reached by the 
explosive without exploding. 

Fig. 10-3 shows the temperature-time ciirves 
corresponding to various bath temperatures, as 
obtained by numerical integration of Eq. 10-4 
based on the data depicted in Fig. 10-2. The 
curves illustrate the behavior just described, 
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Figure 10-L An Experiment To Illustrate the Critical Nature of a Thermal Explosion 


EXPLOSIVE TEMPERATURE T, ,*C 


Figure 1 0-2. Heat Production and Heat Loss Rates in an Experiment of the Type Depicted in Fig. 1 0-1 











namely, explosion when T 0 > 208° C and no 
explosion when T 0 < 208° C, the temperature 
208° C being in this'case the critical temperature 
T cr of the explosive. 

Also indicated in Fig. 10-3 is the induction 
time before explosion. This is equal to 25 sec 
when T o = 210° C, and 10 sec when T o = 
220° G. For this purpose, the induction time is 
defined as the interval between the point when 
the explosive temperature T x becomes equal to 
the bath temperature T q and the point when the 
temperature rise becomes extremely steep, the 
heating curve being almost vertical. The 
induction time decreases rapidly as the bath 
temperature is raised 'above the critical level of 
208 c C. 

Some points illustrated in Fig, 10-3 are worth 
noting. These observations apply to all materials 
that have a relatively high heat of decomposition 
and a high energy of activation for 

decomposition, conditions which are met by 
most high explosive compounds. The first point 
is that the temperature at which the explosive 
pauses in the induction period before exploding 
never exceeds by very much the critical 
explosion temperature T cf . 

The second point is that very little of the 
material reacts during the induction period. 
Numerical integration under the curves in Fig. 
10-3, based on the scale of decomposition rate 
on the right hand side of the figure, shows that 
about 4 percent of the material decomposes 
before explosion when T o = 210° C, and about 2 
percent when T q * 220° C. 

Another important observation concerns the 
relationship between T and the heat loss rate 
(-)q 2 . It is clear fcha£ r there is an intimate 
connection between q and T , because for a 
perfectly insulated bocly of explosive, explosion 
would occur eventually, in principle, even at 
very low initiation temperatures. That the 
explosion temperature must increase as the heat 
transfer coefficient h and surface area A are 
increased may be seen from the fact that lines 
representing (- )q 2 in Fig. 10*2 woyld then be 
displaced downward (or toward the right). 

Some of the important factors in determining 
the explosion characteristics of a system are seen 
from the foregoing discussion to be the 
following: 

(1) Activation energy 

(2) Heat of reaction 
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(3) Thermal conductivity and heat capacity 

(4) Effective heated surface area 

(5) Mass of explosive. 


10-3 MATHEMATICAL TREATMENTS OF 
THERMAL EXPLOSION 

In this paragraph the theory of thermal 
explosion is given in a somewhat more rigorous 
form, following the early developments of 
Frank-Kamenetskii, 2 and Chambre 3 , and the 
later numerical and approximate treatments 
given by Zinn and Madcr 4 and Enig 5 , for various 
heated surface boundary conditions. 


10-3.1 THE HEAT CONDUCTION EQUATION 

In principle the analysis of the behavior of 
solid explosive materials undergoing nonuniform 
heating can be accomplished by considering the 
heat conduction equation which neglects 
convective heat flow and which includes an 
energy source term to account for chemical 
reaction 6 , i.e.. 


self-heating heat loss 

by 

conduction 

+ P Q (df) 


production of 
heat by chemical 
reaction 


T = solid temperature, 0 K 
c =* specific heat, cal/g-°K 
p = density, g/cm 3 

X * thermal conductivity which is assumed 
temperature independent, cal/cm-°K-sec 
Q = heat of reaction, cal/g 
e = fraction of explosive reacted, 
dimensionless 
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V 2 = Laplacian operator, which in Cartesian 
space coordinates x , y, z is 


v 2 = £1 + 

dx 2 


+ 3 1 

- 2 + dz 2 


dy 2 


(10-6) 


Since symmetric explosive geometries such 
that the conduction process depends only on a 
single space coordinate 'will be considered here, 
V 2 can be simplified to 


V 


2 



(10-7) 



Defining new space and temperature variables 


as 



(T- TJ 


( 10 - 11 ) 


£ = x/a < 10 - 12 ) 


where 2 = 0, 1, or 2 for planar, cylindrical, or 
spherical symmetry and x now refers to the 
appropriate single space coordinate. 

From simple chemical kinetic theory the rate 
of reaction can be expressed as 

-jp =(l-e) n Jt r = (l-e) n Zexp[-B/(RT)] 

(10-8) 


where a is the significant dimension of the 
explosive— for example, the one-half thickness of 
an explosive slab (2 = 0), the radius of a long 
cylinder (2 = 1) or of a sphere (2= 2)— the heat 
conductionequation becomes 


pea 2 (dp\ 
A \bt / 





Where n is the reaction order and k r the reaction 
rate constant is replaced by its Arrhenius form 
(see Eq. 10-1). 

Thus the heat conduction equation for 
thermal explosions becomes 



+ pQ(l - e) n Z exp [-E/(RT)] 


where 


(10-13) 


QEa 2 pZ 

\RT* 


exp \-E/(RT 0 )} 


(10-14) 


1&3.2 STEADY-STATE CONDITION dT/dt = 0, AND 
THE CONCEPT OF CRITICAL 
TEMPERATURE AND SIZE 



It is well known that there are no exact 
analytical solutions to Eq. 10-9 under any 
boundary conditions because of the nonlinearity 
introduced by the exponential chemical reaction 
term. However, from the description of the 
thermal explosion process given in the preceding 
paragraph* two reasonable approximations can 
be made which give rise to useful solutions. The 
approximations are: 

(1) The temperature T of the explosive 
just prior to explosion is not too 
different from the initial explosive 
temperature T o , i.e., (T-TJ/T 0 «1 

(2) The amount of reaction just prior to 
explosion is slight so that the reaction 
is essentially zero-order, i.e., n = 0. 

With these assumptions, Eq. 10-9 simplifies in 
the following manner: Denoting T = T q + AT, 
then 


Frank-Kamenetskii and Chambre' examined 
the possible steady-state solutions to Eq. 10-14 
(i.e„ with 90/9 1 = 0) subject to symmetrical 
heating where the boundary conditions are 


£ = o, de/di = o 

(at the center) 

£ = X, 0 = 0 

(at the surface) 


For each of the three geometries (2 = 0, 1, 2), 
it was found that a maximum value exists for 
the parameter S (Eq. 10-14) for which 
steady-state solutions to Eq. 10-13,are possible, 
For 6 < 8 cr » steady-state solutions are possible; 
but for 6 > 5 cr , a stationary temperature 
distribution is impossible. It is therefore seen 
that 8 cr defines the critical conditions for 
thermal explosion under uniform surface heating 
conditions. The values obtained for $ cr and the 


ID-8 
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corresponding maximum critical stationary 
temperature distribution 0 . „ „ are shown in 

Table 10-3. 

The critical explosion temperature T, cr is then 
just that value of the explosive surface 
temperature T o which results in 8 = 8 cr in Eq. 
10-14, i.e., 

T = E/R 

aMi) 

For given values of <3, E , c, etc. Eq. 10-15 can be 
readily solved by iteration to yield T cr , 

Likewise, from Eq. 10-14 there is a critical size 
a of explosive which can result in 5 = 5 , 


a cr ^{qEp z) T ° exp W(ZRT 0 )\ (10-16) 

For a given explosive composition it is seen 
that the critical temperature T c , below which no 
explosions are obtained is related to the rate at 
which heat can flow to the explosive surface, 
which in turn is related to the surface/volume 
ratio of the explosive geometry. Thus for a given 
value of a the slab will have the lowest T , and 
the sphere will have the highest T cr . 
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convenient to consider the rapid temperature 
rise as the explosion criterion. 

An important case that will now be considered 
is adiabatic self-heating which is applicable to. an 
infinitely large explosive mass at uniform 
temperature or to a finite explosive riipss that is 
thermally isolated. 

From Eq. 10-15 it is seen that for an infinite 
explosive size, the critical temperature T. r is 
zero so that in principle any finite value of 
initial temperature T o will lead to a thermal 
explosion (though the value of t e may be quite 
large e.g., see Table 10-2). 

The adiabatic heating conditions correspond 
to the case where the heat conduction term in 
Eqs. 10-5 and 10-13 is sufficiently small so that 
it may be neglected (i.e., V Z T = 0). Thus from 
Eq. 10-13 the variation of temperature with 
time of an explosive initially at uniform 
temperature T q can be expressed as 

X = exp [- E/(R% )] exp [0] (10-17) 


It follows that 
r 


10-3.3 ADIABATIC HEATING ( V 2 T~ 0) AND THE 
CONCEPT OF EXPLOSION TIME 


The d ^termination of the time to explosion f. 
is ah important aspect of thermal explosion 
theory. As described in par. 10-2, the onset of 
explosion is accompanied by a rapid rise in 
explosive temperature after a relatively long 
self-heating or induction period; hence it is 


exp [. E/(RTJ ) 


exp,[-0]d0 


TABLE 10-3 CRITICAL VALUES FOR THERMAL EXPLOSION PARAMETERS 5 

AND 0 

Explosive 

Geometry $cr ^nwx, cr 


Infinite plane-parallel 
slab, £ = 0 

Infinite long cylinder, 
£ - 1 


Sphere, £ = 2 
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or 




cRT? 

QZE 


explE/(RTJ] exp[~0] 


e a 


10, 

(10-19) 


The integration limits on 6 correspond to 
t t 0; Q 0 = 0 

* = *c» = “ To) 

However it may be shown 2,3 that within the 
approximations, used in deriving Eq. 10-13 that 
6 t * 1. We can, therefore, express the explosion 
time as 

CRT? 

t, *-QZE~ e**VB/(RT 0 )] (10-20) 

It will be seen later in this chapter and in 
subsequent chapters that experimental data on 
adiabatic explosion times for many explosives 
generally follow an empirical relationship of the 
type 

9nt e » A + £ (10-21) 


of explosion, when the surface temperature of 
the explosive is much higher thaii T cr , is 
accompanied by a maximum temperature very 
near to the surface. The approach can be 
described in the following manner for symmetric 
semi-infinite geometries. 

Introducing the dimensionless variables 



r — 


RQZt 

cE 


Eq. 10-9 with zero order reaction (n = 0) 
becomes 


dy .. d 2 ? i /d<p\ + 

9 r 9z 2 z \9 z) 


(10-22) 


It will suffice- for our purposes to consider 
only the planar case with 2 * 0. The solution to 
Eq. 10-22 is 



(10-23) 


9 ip 9 <p 

9 z 9 z z 



This empirical relationship is consistent with 
the form of Eq. 10-20. 

10-3.4 APPROXIMATE SOLUTIONS FOR t WITH 
NONADIABATIC HEATING 

Several investigators 8,7 ** have presented 
approximate solutions to Eq. 10-9 for the 
explosion induction time with nonadiabatic 
surface heating conditions. Enig 5 has 
approached the problem in a general manner 
which seems to be applicable to a number of 
boundary conditions of practical interest. In 
those particular cases tested, the approximate 
solutions to t e yielded values which agreed 
within «20% of the values calculated by more 
exact numerical methods. 

Enig’s approach makes use of the fact that in 
many cases the chemical reaction is small up 
until the time of explosion, and that the onset 


The explosion criterion is expressed as 

9^j 

J7\ = ° (10=24) 


and since at z - <p(z t T) ** the initial 
temperature for all t, this leads to ° 



(10-25) 


The explosion time t (or r f ) is just the root 
of Eq, 10-25. Whiie exact solutions for v?(z,r) 
cannot be found which would allow Eq. 10-25 
to be solved, the approximation of negligible 
chemical reaction over the time period 0 < t < 
t e allows us to replace <p(z,t) by y>°(z t r) in Eq. 
10-25, where y?° represents the solution to the 
“inert” case of Eq. 10-22 (i.e., the case where 
e* 1 W is set to equal zero). 
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This leads to 

J e '"*° dz (10-26) 
0 

A difficulty arises in evaluating the integral of 
Eq. 10-26 due to the negligible amount of 
reaction occurring for *p° - <p t at z - ~. This 
makes the integral infinite. This difficulty is 
removed by replacing the integrand by 
exp[- ll<p° ] - exp(- l/(^ o ], i.e., 

^ dz 
(10-27) 

Thus an explicit relationship t can be found 
for all cases where analytic solutions can be 
found for *p° and where Eq. 10-27 can be 
integrated. in closed form. 

Table 10-4 shows derived expressions for t e 
for a semi-infinite planar explosive with various 
boundary conditions. The reader is referred to 
Enig’s original paper 6 for other possible cases. 



dip 0 

d z 


10-3.6 NUMERICAL METHODS 

Numerical methods appear to be the only way 
of obtaining exact solutions to the heat 
conduction equation for thermal explosion (Eq. 
10-9), and several investigators have carried out 
such calculations for particular explosive 
cases 4 ’ 9,10 . For the one-dimensional case, the 
numerical methods are relatively straightforward 
arid can be handled on many modem digital 
computers. In some instances it has been 
demonstrated that the numerical results for one 
particular explosive can be generalized to other 
explosives by simple graphical techniques. 

To solve Eq. 10-9, which is rewritten here as 



(10-28) 

— - = (1 - ef Z exp [- E/(RT» (10-29) 


divided into equal increments of r sec. It is also 
considered that no cheniical reaction occurs 
during the time r, but at the end of each time 
period, the heat produced by chemical reaction 
can be added to the explosive in the form of an- 
instantaneous temperature correction. The heat 
produced is taken as that given by pQde/df 
assuming a constant temperature T(x,t) during 
the r time interval. In this manner, Eq. 10-28 is 
solved with Q = 0 over each interval r but with a 
different initial temperature distribution f } (x) 
for each consecutive time period. 

The initial distribution will be given by the 
expressions 

Q 

fl + i (*) = 2' + g- (Ae ; ) (10-30) 


= r [1 - e{xjr) ]" Z exp 

e(xjr) = 

1 



(10-31) 

(10-32) 


This numerical procedure is relatively simple 
but it does require starting solutions to be 
available for Eq. 10-28 with Q * 0. Ae an 
example, we can consider the planar case (2 * 0) 
of a slab (0 < x < 2c), i.e., 




with boundary conditions f Q (x) * T(x,o) and 
T(2a,t)= T , a constant. 

The solution to Eq, 10-33 is given byCarslaw 
and Jaeger 8 as 


T[x t t) = T 





(10-34) 


by numerical methods in the manner of Zinn If f o (x) is known at a sufficient number of 
and Mader 4 , the time scale is considered to be values of x t the integral can be evaluated 
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TABLE 104 APPROXIMATE SOLUTIONS FOR EXPLOSION INDUCTION TIMES 
FOR A SEMI-INFINITE PLANAR EXPLOSIVE 5 


Surface Condition (atz = o) 
Constant surface temperature, <p a : 
•p. ><p 0 


Constant Surface Flux: 




1C, a constant 


Heat flux from medium at constant 
temperature ip g with a constant 
coefficient of heat transfer h: 


dz L - 

i * 

H = 


» H ~V>° (0,r)j 


numerically arid determined. Utilizing Eq. 
10-34 for the reactive case involves replacing 
by fj(x) and solving for the temperature 
distribution at each consecutive time period r. 
The accuracy of this numerical procedure is 
limited by how practically small the increments 
of r and x can be taken. 

Zinri and Mader carried out solutions to Eqs. 
1028 and 10-29 for a number of explosive 
compositions and geometries assuming 
zero-order kinetics, and subject to the boundary 
conditions of uniform initial temperature T o 
and constant surface temperature T>T q for 
t> 0. 

Fig. 10-4 shows the results obtained for the 
temperature distribution in 1-in. spheres of RDX 
at various times. Fig. 10-5 depicts the calculated 
explosion times for one-inch slabs, cylinders, 
and spheres of RDX for different surface 
temperatures T>T cr , In these calculations the 
values for the physical and kinetic parameters of 
the explosive are; p ~ 1.8 g/cm 3 , c = 0.5 
cal/g- b C, X = 7 X 10* 4 cal/°C-cm-sec,> Q - 500 
cal/g, Z = 10 1 8,0 sec* 1 , E = 47500 cal/mole. It 
also was found that the t c calculations for one 


Dimensionless Explosion Time r c 


1 

tr 



uv’* 

e 





V* “ v* 

fr* - vC] 

v, - ¥>„_ 

9- 

l 


- 1 "*” »j H 2 (ip i -¥>„)(¥>, -¥>•) 


explosive composition could be generalized to 
all other explosives by utilizing a f c vs 1/7} 
relationship of the form 

t t = ££2l F(E/T cr - E/T) (10-35) 
X 

where F is a function/ which depends only on. the 
typeof geometry (slab, cylinder, or sphere) and 
the initial temperature % , The variation of F in 
terms of the argument (E/T er - E/T f ) is shown in 
Fig. 10-6 for the three geometries all initially at. 
25° C. T cr can be easily obtained from the 
Frank-Kamenetskii expression Eq. 10-15. 
Therefore, Fig. 10-6 makes it possible to readily 
determine the explosion times for any material 
for which the appropriate physical and kinetic 
parameters are known. 

Several pertinent facts can be gathered from 
these numerical calculations which indicate that 
previously discussed approximate solutions must 
always be used with caution. First, for relatively 
low values of T >T cr , the hottest region prior to 
explosion; is at the center of the explosive. This 
implies that the thermal explosion will initiate at 
the center. The reverse situation occurs when T 
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is much higher than T cr . Here the temperature 
near the surface is hottest prior to explosion 
while the center temperature remains relatively 
unchanged. Thus approximations based upon a 
semi-infinite geometry are only applicable for 
T>>T cr . Second, it is seen from Fig. 10*5 that 
the temperature dependence of t e does not 
follow an Arrhenius curve (such as Eq. 10-21, 
which is often used to curve fit experimental 
data) over all values of T . Therefore, one must 
be cautious in identifying the slope of such 
empirical curves with an activation energy for 
chemical reaction (i.e., E or E/R). The 
experimental studies of Gross and Amster 11 , 
which are discussed in Chapter 12, are a good 
example of the considerations that must be 
taken in deriving kinetic parameters from 
measured explosion times. 

Another point that should be considered in 
connection with the Zinn and Mader 


calculations, as well as with most of the available 
approximate solutions, is the effect of assuming 
a zero-order chemical reaction. This assumption 
applies that the source of chemical energy 
cannot be used up prior to explosion regardless 
of the heat loss rate or the time to explosion. 
For small explosive masses this may not be valid 
since total heat content of the explosive may 
be relatively small compared to the effective 
heat capacity of the medium immediately 
surrounding the explosive. This point will be 
discussed further in the next paragraph. 

10-4 THERMAL EXPLOSION OF HOT 
SPOTS 

A concept of great importance for the 
initiation of detonation in high explosives is that 
of “hot spots”. This topic is discussed in greater 
detail in Chapter 11. However at this point, it is 


°C 



Figure 20-5. Explosion Times vs 1/T t forRDX in Various Geometries , Initially at 25 Q C (Ref. 4) 
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cooling of the sphere in subsequent .periods r»f 
time would be represented by the temperature 
distribution curves in. Fig. 10*7. These ere 
derived from the classical treatment of the 
differential equation for heat conduction and 
may be found in Carslaw and Jaeger 0 . Time is 
depicted in terms of a dimensionless parameter 
dt/a^y where a is the radius of the sphere and <x 
the thermal diffusivity [a * A/fpc}] where A is 
thermal conductivity, p the density, and c the 
specific heat). 

The sudden creation of a hot spot by 
mechanical action in an explosive material 
causes th6 reaction to occur in the affected 
region at a measurably higher rate than that in 
the body of the explosive, where it may be 
virtually zero 12 . However, during most of the 
induction period before explosion the amount 
of heat produced by chemical reaction is very 
small and the cooling behavior is little affected 
by the fact that reaction is taking place. To state 
this more exactly: -he temperature rise at any 
point in the hot spot caused by chemical 
| reaction in the induction period is small 

! compared to the initial difference in 

temperature between the hot spot and the body 
of the explosive; therefore,, the temperature 
gradient that develops at this point, and 
consequently the flow of heat during this time, 
l is affected very little by the fact that the 

j material is reactive and not inert. The 

! temperature profiles in Fig. 10*7 are, therefore, 

| * ' - e atmroximation to those that would 

j obtain in an explosive hot spot during the period 

\ prior to explosion. 
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where t fnd is the induction time. Equating f : 

to ,he adiabatic explosion time given by Eq. 

10-liQ, allows ope to obtain the criterion in 
terms of the properties of.the explosive, i.e., 

~ exp [E/(RT )} < — ■ (10*37) 

This relationship, Eq. l0*37, can be used to 
calculate typical quant? for hot spots of 
various sizes. Such figures are given in Table / i * 
10-5, based on the explosive properties quoted \ > 
in par, 10-3,4 for RDX. It is significant that the 
induction period is in the order of microseconds 
for a hot spot in the order of microns in 
diameter. This is consistent with the fact that 
the total time for initiation and reaction in 
detonating high explosives is usually in the order i 

of microseconds. The critical temperature 
550 U -600°K also falls in a physically plausible 
range. The fourth column in the table gives the 
total chemical enerjy per unit area available for 
heating the explosive medium just external to 
the hot spot. It is seen that the values of q/s are 
also strongly dependent on. che size of the hot 
spot. This points to the possibility that while 
hot spots may explode, they may have 
insufficient energy content bo ignite the 
surrounding cooler medium. For the case of 
RDX there is evidence from adiabatic gas 
compression studies (3 msec duration) that the 
minimum ignition energy is «0.3 cal/cm 2 (Ref. 

13), which is somewhat consistent with a hot 
spot size of the order of microns, 

It should be noted that this treatment of the 
thermal explosion of hot spots assumes adiabatic 
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explosion times and zeroordcr reaction. Neither 
of these assumptions may be valid for the small 
explosive mass that makes up the hot spot. 

Friedman, for example, carried out numerical 
solutions for the critical quantities of a 
nonadiabatic hot spot which was assumed to be 
a thin slab 14 . A good analytical approximation 
to the numerical value of the critical one-half 
slab thickness d. was found to be 

cr 



For conditions of T Q = 550° K and an.ambient 
environment temperature T * 300° K, the value 
of d cr ior RDX is 220 microns, which is one 
order of magnitude greater than the value a cr in 
Table 10*5 for the same T q . Part of °this 
difference in calculated critical hot-spot size is 
undoubtedly due to the fact that the two 
calculations refer to. different geometries (slab 
and sphere). However it is reasonable to suggest 
that a significant part of the difference is 
actually due to nonadiabatic vs adiabi uc heating 
conditions. 

Friedman also investigated by numerical 
calculations the extent of reaction in the hot 
spot prior to explosion. Although he states that 
typically a maximum reaction of 1-8% is 
indicated, it can be readily calculated from his 
results that an explosive having the propertiu E 


- 20 kcal/mole, c - 0.25 cal/g-°C, Q = 250 cal/g, 
T - 800° K , T, * 300°K, will undergo 80% 
reaction by first order reaction kinetics. The 
possible effects of nonzero-order chemical 
reaction in thermal explosion theory warrants 
considerable more attention, particularly when 
application is to be made to small quantities of 
explosive. 

10-5 THERMAL EXPLOS/ON AND SAFETY 
IN HANDLING HIGH EXPLOSIVES 

High explosives are prime examples of 
materials that can undergo thermal explosion, 
and it its not suprising that this is an important 
aspect of their behavior. The mechanism is most 
apparent in phenomena: related to initiation and 
transition to detonation, subjects which are 
treated in the following and subsequent 
chapters. The potential for self-heating is also a 
matter for serous consideration in connection 
with safety in handling and storing explosives. 

Several disasters with great loss of life and 
property have resulted from the failure to 
appreciate the possibilities of self-heating in 
explosive materials and the suddenness with 
which a thermal explosion develops when it 
occurs 1 6 . Although numerous severe explosions 
following fires in dynamite factories and 
ammunition dumps had warned people of the 
hazard of fighting fire in which high explosives 


TABLE 10-5 VARIOUS' CALCULATED QUANTITIES FOR HOT SPOTS IN RDX 


Hot-spot 

Hot-spot 

Explosion 

Total Energy 

Temperature T a> 

Radius a cr , 

Times t M , 

Available q/S , 
eal/cm s * 

°K 

microns 

microsec 

450 

710 

260000 

21 

500 

56 , 

1600 

1.7 

550 

6.9 

25 

0.21 

600 

1.3 

0.83 

0.C4 

700 

0.08 

0,0036 

0.002 

800 

0.01 

0,000066 

0,0003 




* q/S * (1/3) pQa, the total chemicri energy available in the hot spot per 
unit of surface area. 


/ 
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were involved by the customary method , it was 
not generally appreciated that relatively 
insensitive materials such as ammonium nitrate 
and riitromethane have basically the same 
tendency toward thermal explosion. The 
catastrophe at Texas City in 1947, in which 
several million pounds of ammonium nitrate 
fertilizer exploded following a fire, drew sharp 
attention to the critical size phenomenon in this 
material. This had been overlooked in this case 
because countless fires in smaller quantities of 
the material had occurred and had not resulted 
in explosion. 

One of the toons to be learned from these 
tragic events is that explosives should always be 
stored in ways that will provide for the 
maximum possible dissipation of heat and never 
in large consolidated piles if it can be avoided. It 
is of interest in this, connection to calculate the 
critical diameter at various rface temperatures 
for spherical mass of RDX, Eq. 10-16, and the 
adiabatic explosion time for. various initial 
uniform tempera' ires, Eq. 10-20. The physical 
and kinetic parameters considered in these 
calculations are the same ones used in previous 
calculations in this chapter. The calculated 
values are given in Table 10-6. 

The values of explosion time in table 10r6 
refer to the condition in which a mass of the 
explosive is at a uniform temperature initially; 
therefore, these figures do not apply specifically 


to the situation in a fire, the actual relationship 
among surface temperature, geometry, size, 
and time to explosion can be obtained by the 
numerical methods described in per. 10-3.5. 

In assessing the potential explosion hazards ox 
an explosive mass at elevated surface 
temperature, useful information can be gained 
from the temperature distribution just pric/r to 
the thermal explosion (theoretically represented 
by a rapid increase in temperature or rate of 
reaction at some point in the mass/. If rapid 
reaction starts at or near the surface, the 
reaction will be unconfined and will probably 
lead to a less violent surface deflagration. 
However if rapid reaction starts in the interior of 
the explosive mass, the reaction will be confine! 
and have a greater probability of building up to 
a detonation. 

Referring to Fig. 10-4, ive see that the 
temperature distribution varies significantly with 
the ratio TJT f . As this ratio increase^ above 
unity, the position of the maximum temperature 
(which defines the position of runaway reaction) 
moves closer to the surface. In the example 
shown (1-in. RDX spheres) when TJT cr « 1,05, 
the explosion starts at a distance of r/a & 0.7, 
while for T /TV 1.12 it starts at r/a « 0.95. 

In the particular case where an explosive mass 
is burning, it can be suggested that T JT cr will 
not be too much greater than unity. It the mass 
is sufficiently large and the burning time 


TABLE 10-6 CRITICAL 

DIAMETER AND ADIABATIC 

EXPLOSION 

TltyE FOR 


RDX 




Critical 

Adiabatic 


Temperature , 0 C 

Diameter* 

Explosion I'ime +* 

50 

540 meters 

9200 

years. 

75 

148 meters 

6.8 

years 

100 

41 meters 

27 

weeks 

125 

5.8 meters 

3.8 

days 

150 

1 meter 

3 

hours 

200 

5.6 cm 

30 

seconds 


* Surface of explosive sphere at constant temperature. 


** Sphere of explosive at uniform initial temperature. 
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sufficiently long, it is reasonable expect that 
the surface burning Will lead to a violent 
explosion. However if the mass is sufficiently 
small, the.surface burning can consume the entire 
explosive prior to the build-up of a violent 
explosion. Thus, in disposing ofhigh explosives it 
is common to set the material afire but only when 
it is dispersed in small chunks on the ground, and 
never when it is in large consolidated masses. 


The application of these principles to 
operations involving the heating of high 
explosive materials, such as melting in 
preparation for casting and drying in ovens, 
will be obvious. The importance of good 
temperature control in these operations cannot 
be overstressed; and an overriding control 
should always be provided in addition to a 
thermostat to prevent overheating. 
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CHAPTER 11 INITIATION OF DETONATION BY SHOCK WAVES 


11-1 UNDERDRIVEN AND OVERDRIVEN 
DETONATION 

Steady-state detonation is a self-supporting 
shock wave in which chemical energy constantly 
restores the deficit of mechanical energy that 
would otherwise be created because of 
dissipation at the shock front (into heat) and 
external losses. An inert or neutral shock wave 
without such a source of energy loses strength 
and ultimately disappears. The 
Chapman-Jouguet (C-J) detonation represents a 
dynamic “stable” condition. If there is a ht 
disturbance, such as a small gap in the explosive 
charge or a narrow region with greater explosive 
energy, the shock wave (or detonation front) 
wil veaken or grow stronger temporarily, but 
will tend to return to the original stable 
condition when the perturbation is removed. 
Thus, when the shock at the detonation front is 
slightly weaker than the C-J wave, the energy 
supplied by chemical reaction causes tho front 
to accelerate; and when the shock at the 
detonation front is stronger than the C-J wave, 
the chemical energy supplied is insufficient to 
maintain it and the front slows down. This 
behavior does not depend on whether the rate of 
chemical energy conversion is sufficient or 
insufficient per *2, but rather whether the 
conditions in the flow is such that the released 
energy is transmitted to the front, i.e., whether 
the flow near the end of the reaction zone is 
supersonic, sonic, or subsonic (see Chapter 8). 

In the situation represented in Fig. 11-1, 
where detonation is transmitted from a “donor" 
explosive to an “acceptor" explosive, there are 
three possibilities: the shock wave transmitted 
to the acceptor may be stronger than, of the 
same strength as, or weaker than the stable C-J 
wave in the acceptor. The first and last cases 
may be referred to as overdriven and 
underdrivei detonations, respectively. The 
degree of o erdrive and underdrive may be of 
any given magnitude, and it is of interest to 
determine the consequences of large departures 
from the C-J condition on the ultimate fate of 
the transmitted shock. 

In the case of an overdriven wave, it is found 
that the strength always decays until the C-J 


condition is reached; but, for an underdilven 
wave in a given experimental arrangement, there 
is some limiting shock strength below which the 
wave decays and does not gain the increased 
strength needed to reach the C-J condition. The 
question of interest in this chapter may be 
stated: “What conditions are required for 
development of stable detonation from an 
underdriven shock wave?". The answer, 
obviously, bears on the question of safety in 
handling high explosives and materials, such as 
rocket propellants, that are potential high 
explosives. It also relates importantly to the 
problem of designing reliable initiating 
mechanisms in the practical use of explosives. 

11-2 THE GAP TEST 

Experimentally, a simple way to determine the 
sensitivity of an explosive to initiation by shock 
waves is represented in the gap test. This test 
comprises a method of producing u- terdriven 
waves of variable strength by inserit varying 
thicknesses of inert material between «. lonor 
and an acceptor charge (Fig. 11-2). Commonly, 
the inert material consists of a number of 
uniform “cards” which may be paper or plastic, 
for example. (An air-filled gap is not desirable 
because the hot explosive product gases from 
the donor would impinge directly on the 
acceptor.) 

As in other tests of critical “go, no-go" 
behavior in explosives, the gap test experiments 
must be interpreted statistically. An efficient 
way to perform the test is the so-called 
“up-and-down” method, whereby, in a sequence 
of experiments, the number of cards is increased 
or decreased by one in each successive trial (or 
by some other standard incremental number) 
depending on whether the previous trial results 
in detonation or failure, respectively (see 
Chapter 12). The result of such a series of 
experiments is usually repprted as the number of 
cards in the gap that produces, on the average, a 
50 percent chance of detonation. 

The gap test has been developed at Cie U. S. 
Naval Ordnance Laboratory into a useful means 
for comparing the sensitivity of solid rocket 
propellants 1 . The standard test assembly is 
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Figure 11-1. Transmission of Detonation From a Donor to an 
Acceptor Charge 


DONOR 


GAP 



Figure 11-2. The Gap Test 


illustrated in Fig. 11-3 and is described as 
follows: “a 5.0S-cm length of pressedtetryl (p o 
* 1.51 g/cc) to supply the shock: Lucite, or the 
equivalent cellulose acetate, as the shock 
attenuator; a moderately confined accept >r 
charge of 3,65-cm diameter by 13.97-cm length; 
and a mild steel witness (test) plate 0.952-cm 
thick. The criterion of ‘detonation 1 used is the 
punching of a hole in the witness plate. The 
measure of charge sensitivity is the length of 
attenuator (gap length) & which there is 50 
percent probability of detonation according to 
the above criterion.". 

Gap test results become more significant when 
they are equated not simply to the number of 
cards or thickness of the gap but to the strength 
of the shock wave at the critical “go, no-go 
level". The Naval Ordnance Laboratory has 
‘'calibrated" the NOL test to make it possible to 
interpret the results in this manner. The method 
is described in the paragraph which follows. 


11-3 SHOCK-PRESSURE MEASUREMENTS 
IN THE GAP TEST 

By means of simultaneous shock wave velocity 
and free surface velocity measurements, such a 1 
those described in Chapter 5, the “Hugoniot 
adiahat" for Lucite has been determined. (The 
method of erecting the Hugoniot curve from the 
experimental data is explained in Chapter 8.) 
With this basic information the shock wave 
strength at the end of the gap can be determined 
from either shock wave velocity or free surface 
velocity measurements, with various thicknesses 
of Lucite in the gap, under actual conditions of 
the test, i.e., with the donor charge shown in 
Fig. 11-3. This kind of determination was 
carried out at NOL, with the results shown in 
Fig. 11-4, i.e., axial shock pressure at the end of 
the Lucite gap in kbar (1 kbar = 987 atm) vs 
thickness of gap. 

The shock pressure at the end of the Lucite 
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Figure U.-3. Charge Assembly and Dimensions 
forNOL Gap Test 

gap, however, is not in general equal to the 
shock wave pressure transmitted to the acceptor 
explosive because there is usually an acoustic 
impedance mismatch between Lucite and the 
test explosive. The transmitted shock wave 
pressure can be readily determined from the 
Hugoniot adiabat of the acceptor. Experimental 
shock Hugoniots (or Hugoniot adiabats) have 
been determined for many of the military 
explosives (see Ref. 2). However, the impedance 
mismatch with Luicte does not differ very much 
for many of the common high explosives in the 
cast or pressed condition; therefore, the 
transmitted shock pressure in the explosive is 
approximately proportional to the incident 
pressure in the Lucite, Fig. 11-5 shows this 
relationship, the data paints being the critical 50 
percent explosion points for nine explosives for 
which sufficient equation of state daU were 
available to calculate the initial pressure in the 
transmitted shock. It may be observed that for 
these materials no error would be made in 
ranking the explosives for shock wave sensitivity 
if one were to use incident pressures in the 
Lucite rather than transmitted pressures in the 


explosive. This statement would not necessarily 
apply, however, if explosives differing widely in 
density were being compared, e.g., a loose 
crystalline powder and a cast material. 

Table 11-1 lists some of the results obtained 
on solid rocket propellants at the Naval 
Ordnance Laboratory. The term “loading 
pressure” in the table refers to the pressure of 
the incident wave at the end of the Lucite gap. 
A. notable feature of. the measurements is the 
effect of voids in composite propellants. (These 
propellants are based on ammonium perchlorate 
as oxidizer with an organic, rubber-like binder.) 
Composite propellants in their service condition 
and containing no high explosives such as HMX 
are generally nondetonable in this test, even 
when the tetryl donar charge is in direct contact 
\, * the propellant (zero gap). However, k 
negative result of the gap test cannot be taken to 
imply that a propellant is nondetonable under 
all conditions of initiation charge diameter and 
confinement. When the propellant Is shredded 
and recompressed, leaving some air-filled voids, 
it becomes very sensitive to initiation. Voids, 
therefore, appear to influence sensitivity very 
markedly in this case. 

11-4 EFFECTS OF SHOCK WAVES IN 
CONDENSED EXPLOSIVES 

In a homogeneous material, lacking voids or 
discontinuities of any kind, a shock wave raises 
the pressure, density, and temperature 
uniformly in the plane immediately behind the 
front. Condensed media are, of course, very 
much less compressible than gases; therefore, the 
increases in density and temperature that 
accompany a given rise in pressure are much 
smaller than in gases. However, the pressures 
developed in the detonation of condensed 
materials are in the order of 10,000 times the 
detonation pressures of gaseous mixtures at an 
initial prepare of one atmosphere— e.g., 200,000 
atm pressure for condensed explosives compared 
to 20 atm for gaseous explosives. Under such 
tremendous forces, even seemingly 
incompressible materials are highly densified and 
heated by the compression. It is perhaps not 
surprising to fmd, therefore, that the detonation 
front in a condensed explosive detonation heats 
the medium to a temperature in the 
neighborhood of 1,000° C or higher, a 
temperature quite high enough to start 
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PRESSURE AT END OF LUCITE 
GAP, SHOCK LOADING, KBAR 


Figure 11-5. Comparison of Shock Loading at 50 Percent Point With Initial Pressure in 
Charges 


decomposition at a rapid rate. The 
Zeldovich-vcn Neumann-Doering model of 
detonation is, therefore, equally as plausible 
when applied to condensed explosives as it is in 
the case of gaseous explosives. 

There is,. 'in fact, in the case of condensed 
materials a phenomenon that markedly increases 
their susceptibility to initiation by shock waves. 
This is the so-called “hot spot”. An important 
class of hot spots is hydrodynamic in origin and 
results exclusively from the action of strong 
shock waves at discontinuities. The formation of 
the hydrodynamic hot spot and its subsequent 
behavior are,. 'therefore, of primary importance 
ip a discussion of shock initiation of explosives. 


115 SHOCK INITIATION IN 
HOMOGENEOUS AND 
NONHOMOGENEOUS EXPLOSIVES 

Although much valuable work has been done 
at several laboratories on initiation of 
detonation by underdriven shock waves,, perhaps 


the most decisive experimentation of this kind 
has been carried out at the George Washington 
University Laboratory and the Los Alamos 
SciehL ''ic Laboratory. This work, largely 
summarized in Refs. 3-6, established that there 
is an essential difference between explosives that 
are completely homogeneous and free from 
discontinuities of any kind, and those which 
contain a multitude and a variety of such 
discontinuities. The presence of discontinuities 
is, of course, by far the most' comm on practical 
condition, and it is only with extreme care that 
the number and size of discontinuities can be 
reduced to a point where the clearly defined 
behavior of a truly homogeneous material is 
evident. 

The basic requirements for well-controlled 
experiments on shock wave initiation are: 

(1) High degree of planarity in the 
incident shock wave. This is achieved by a 
plane-wava generator (Chapter 5). 

(2) Sufficient run length of the plane 
detonation wave in a booster charge so that the 
decay of pressure behind the shock front (due to 
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TABLE 11-1 SHOCK SENSITIVITY OF SOLID ROCKET PRC, *. * ANTS IN THE 
NOLGAP TEST 

Louding Pressure at 

Pivpellant 

Physical State 

the $0 percent Point, kbar 

various ccmposites 

service condition; 
nonporous 

no-go 

double base 

service condition; 
nonporous 

80-47 

composite with 17-18 percent 
high explosive 

service condition; 
nonporous 

69-58 

composite 

shredded and pressed; 

16-22 percent connected pores 
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the Taylor expansion described in Chapter 8) is 
small for a time period of some microseconds. 

(3) Large enough diameter in the donor 
shock wave production system so that lateral 
expansion effects (described in Chapter 9) do 
not seriously affect the planarity of the shock 
wave or decrease the period of sustained high 
pressure behind the front. 

(4) Variable attenuation of the donor 
shock wave. This is produced by inserting 
between the donor and acceptor charge a gap 
filled with ah inert material of various 
composition and thickness. 

A number of different experimental 
arrangements were used to elucidate various 
aspects of the phenomena. These cannot be 
described in detail here. Typical arrangements 
--taken from Refs. 5,6— are shown in Fig. 
11-6(A) and 11-6(B), and illustrate how the 
various requirements previously enumerated 
were met in these experiments. 

The major aspects of initiation phenomena jn 
homogeneous and nonhomogeneo is explo iv^s 
as derived from a long series of expfxim$nu Watb 
liquid and solid explosives can be state! as 
follows: 

(i) In pfonhomoyerieour Explores. If 
th v . entering hock wave is above a critical 
strength, it begins to accelerate at the point of 
entry, gaining strength relatively slowly at first, 
but ever more rabidly until steady-state C-J 
velocity is reached. The development of 
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detonation in this case may be described as a 
smooth transition from a shock wave at first 
only weakly supported by chemical reaction^ w-a, 
fuljy supported steady detonation. Ilio final 
stages of acceleration to detonation, In which; 
the greater part of the increase in shock strength* 
occurs, comprise only a sir-ah fraction of;fch * 
total time between the inivxal entrance of the 
wave and the final achievement of fuT 
detonation. Material lying-tin the region betweev 
the point of entry of the shock wave and the 
region between the point where detonahon fu# 
starts remains essentially unreactetj aud 
retonarion (a detonation wave moving bai'k 
toward the point of shock entry) h c'>.vh 
observed. 

(2) In Homogeneous Explosives, The, 
entering shock behaves as wvUld a 
unsupported shock b an U*n mg 

slightly: and loslhf? ^peed as. it 
because ol ' After 

indue o%s c. g 

relationship io the strength ul the eri't 
^hock-detonation starts, not at tty shper front 
but, at the entering face of the «. :,eptor> This 
detonation wave is churactfc'a&tic of the 
explosive medium in the pre-co pprewed (and 
heated) condition created, by 'thft V4&* shock, 
and it travels at a hypervoioc. t,y (fright the 
C-J velocity at normal density; chariiN^HsHc of 
these conditions plus the velocity of forward 
motion imparted to the medium by the mil; j 


AMCP 706-180 







Glow Wind** / 
Mica Sca4« V / 







44 — Nitromathan* 

*— l*.PIo«tlc. 
O.liO" Steal 
Nili ta^ana 

I ft' l 


•’tom Wo»* 
Ganarater 
Datoflfltor 


Figure 1D6(A), Arrangement to Measure Shock 
and Detonation Travel in a 
Nonhomogeneous Solid 
Explosive Using the Wedge 
technique 6 

shock. This hypervelocity detonation, traveling 
at a higher speed than the initial shock wave 
overtakes it, and the combined wave moves 
from that point as an overdriven detonation 
the medium ahead. Eventually, the detonation 
wave decays to the characteristic, steady-state 
velocity of the explosive. 

The distance-time relationships in these two 
contrasting situations are depicted in Fig. 11-7. 
Traces of essentially this nature were obtained 
by smear-camera techniques. 

The induction time in the initiation of 
homogeneous explosives is sensitive to many 
factors. Indeed, the effects of various 
experimental variables are so important that 
only by taking extreme care is it possible to sort 
them out. Fig. 11-8, taken from Ref. 5, is a 
smear record taken from a camera viewing from 
the top (through a slit) the shock wave which is 
progressing upward toward the camera from the 
bottom of a vessel containing nitromethane. The 
light in this photograph is self-light from 
detonation; therefore, the original unreactive 
shock, starting at a point in time marked F in 
Fig. 11-8, is not visible. Ear this experiment the 
Plexiglas attenuator plate which formed the 


Figure 11-6(B). Arrangement to Measure Shock 
and Detonation Travel in a 
Homogeneous Liquid Explosive 
(Nitromethane) 6 

bottom of the nitromethane vessel (e.g., Fig. 
11-6(B) was scored over half of the surface with 
riangular grooves, 0.020 ir. deep, spaced 0.025 
in. apart. The other half of the surface was 
polished smooth. In Fig. 11-8, the scored half of 
the plate corresponds to the upper half of the 
photograph, and the smooth half to the lower. 
The photograph shows at the time marks A and 
C the sudden appearance of a faint light. This is 
light from the detonation when it originates in 
the precompressed medium at the Plexiglas 
surface. The time marks B and JD, indicating the 
appearance of a much brighter front, indicate 
the points when the detonation in the 
precompressed medium overtakes the shock 
front producing an overdriven detonation in the 
undisturbed fluid. The induction time- 
represented by the distance between F and A, 
and F and C in the two regions— is seen to be 
about 2psec on the smooth portion of the 
Plexiglas plate and less than one microsecond on 
the roughened portion. The explanation, 
presumably, is that the grooves in the Plexiglas 
produce distortions and interaction on the shock 
front which result in regions of somewhat higher 
temperature than that in the undisturbed shock, 
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F : Shock enters mtromethane. 

A: Detonation is initiated in compressed nitromethane at interface between nitromethane 

and grooved attenuator plate. 

B : Detonation over grooved plate overtakes shock. 

C : Detonation is initated at interface of nitromethane and smooth attenuator plate. 

D : Detonation over smooth plate overtakes shook. 

Induction time, t'. Over grooved plat eF-A 
in d Over smooth plate F - C 


Figure 11-8. Smear Camera Record of Effect of Rough Shock Wave on Induction Time 
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with the result that thermal explosion occurs 
sooner on the roughened plate than it does on 
the smooth plate. 

The induction time in a thermal explosion is 
very sensitive to temperature (Chapter 10). 
Therefore, the time for shock initiation of 
nitromethane would be expected to depend 
critically bn shock pressure. That this is so can 
be readily seen from Fig. 11-9 which is taken 
from a recent analysis 7 of data reported by 
three different laboratories 3,5 ' 8 . From Fig. 11-9 
it also appears that increasing the initial 
temperature of the nitromethane causes a 
decrease in induction time. 

The effect of hot-spot sites in nitromethane 
was also very nicely deomons crated in the work 
described in Ref. 5. This was done by carefully 
locating air bubbles of various size at the 
Plexiglas-nitromethane interface. Other types of 
potential hot-spot sites have also been studied, 
including, for example, tiny rods of metal and 
glass that would produce a disturbance in the 
initiating shock front. A hot spot was usually 
visible as a flash of light at the moment of its 
creation by the shock wave; then, after a 
variable delay in time, a detonation was 
observed to spread out in 
a spherical front from the hot spot. (The hot 
spot produced no visible light during the 
induction period.) The effect is illustrated in 
Fig. 11-10, taken from Ref. 5. This photograph, 
taken in the same way as Fig. 11-8, shows the 
flash of light created by the interaction of the 
shock wave with a bubble at the time mark F. 
After a variable delay, explosions occur at C and 
D for the 1.0-mm and 0.75-mm bubbles, 
respectively; but- no explosion occurred for the 
0.5- mm bubble, presumably because the 
hot-spot temperature was too low or the size too 
small for an explosion to develop. The delayed 
homogeneous detonation occurs at the 
Plexiglas-nitromethane interface at the time 
mark A in Fig. 11-10, and the catch-up and 
formation of the overdriven detonation occurs 
at B. The dependence of the explosion induction 
period on the size of the hot spot site is clearly 
shown by this experiment. Also evident is a 
critical-sizu phenomenon in relation to hot spots 
since the Smallest of the three bubbles did not 
produce a detonation. 

The variable induction period, the critical “go, 
no-go” behavior of hot spots, and the important 
influence of temperature in these experiments 


point clearly to the explosion mechanism 
discussed Chapter 10. This inference Ik been 
v investigated by C. L. Mader at the Los Alamos 
Laboratory 1 0 and Enig and Petrone at the U.S. 
Naval Ordnance Laboratory 11 in a series of 
“computer experiments,” the results o t which 
are discussed in the paragraph which follows. 

11-6 THERMAL EXPLOSION THEORY 
APPLIED TO SHOCK INITIATION 

11-6.1 HOMOGENEOUS EXPLOSIVES 

The experimental phenomena described, in par. 
11-5 strongly suggest a thermal explosion 
mechanism in the shock wave initiation of 
homogeneous explosives. Detonation starts, not 
at the shock front but behind it, at the point 
where the wave entered the explosive and, 
therefore, where the high temperature: produced 
by the shock has existed for the longest time. 
And; as it should in a thermal explosion, the 
induction period depends very sensitively on the 
temperature produced at this point. Proof that 
the phenomenon is indeed a thermal explosion 
would be provided if one could predict 
independently the magnitude of the induction 
period from the strength of the shock wave and 
the properties of the- explosive. 

The data heeded for this calculation are the 
shock-Hugoniot properties of the explosive, a 
PVT equation of state and, the kinetic and 
thermal data for the chemical deposition (see 
Eq. 10-20). Unfortunately, reliable experimental 
PVT data are unavailable for shocked explosives. 
However, Mader 10 and Enig and Petrone 11 , 
utilizing the same shock Hugoniot and kinetic 
data but different assumed PVT equations of 
state, were able to calculate induction times for 
nitromethane, liquid TNT, and single crystal 
PETN in reasonable rgrejment with experiment 
(see Table 11-2). While these calculations show 
that a thermal explosion mechanism is 
consistent with the observed shock initiation 
process in homogeneous explosives, they do not 
prove it. 

How detonation develops from an underdriven 
shock wave in nitromethane is shown in the 
calculated pressure vs distance curves in Fig. 
11-11. These curves are taken from Ref. 10. 
They were plotted by automatic equipment 
which took its input directly from the 
computer. 
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Argon bubbles: 1. 0.75-mm diameter 

2. 9.50-mm diameter 

3. 1.0 -mm diameter j 

F: Shock enters nitromethane. (Flash of bubbles number 1 and 3 may be seen.) * 

Ci Local detonation starts at 1.0-ram bubble. 

D : Local detonation starts at 0.75-mm bubble. 

A: Detonation starts in precompressed nitromethane at interface with attenuator plate. 

Bi Detonation overtakes shock front. 

Figure 12-10. Smear Camera Record Knowing Effect of Bubbles in Initiation of 
Nitromethane 
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TABLE 11-2 CALCULATED SHOCK INITIATION INDUCTION TIMES IN 
HOMOGENEOUS EXPLOSIVES 


Shock Temperature, °K Induction Times, psec 


Shock Pressure , kbar 

Enig & Petrone 

Mader 

Enig & Petrone Mader 

Observed 

Nitromethane {T fl = 300° K) 






86 

1103 

1180 

2.31 

1.34 

-1.0 

170 

1560 

2100 

— 

r— 

— 

201 

liquid TNT (2\ = 358°K) 

1662 

2472 




125 

1154 

1132 

0.50 

0.68 

0.7 

265 

1992 

2409 

— 

— 

— 

Single Crystal PETN ( T o - 298° K) 

— 

not 

shown 

— 

0.337 

Q;3 

11-6.2 BEHAVIOR OF HOT SPOTS 

the 

other 

hand, fluid 

dynamical 

energy 


The power of modem computer techniques is 
even more forcefully demonstrated in the 
treatment of hot spots reported by Mader in 
Ref. 10. Here the behavior is much too complex 
for analytical description. Even to anticipate 
what will; happen, qualitatively, is difficult. 

Mader treats the problem of describing all 
events set in motion by creation of a spherical 
hot spot, starting with various initial boundary 
conditions. In general, the following processes 
may be important: 

(1) Production of heat by chemical 
reaction 

Dispersion of energy by wave motion 
Dispersion of energy by heat 
conduction. 

The competition between (1) and (3) is treated 
in par. 10-4> where the following condition, Eq. 
10-36, first derived by Zinn 12 , is shown to 
apply: 


( 2 ) 

(3) 


t {nd < 0.04 a 2 /a 


( 11 - 1 ) 


The characteristic heat flow time on the 
right-hand side of the expression is seen to 
depend on the square of the radius a . For the 
“hydrodynamic” hot spots in nitromethane 
considered by Mader the size is so large {a - 0.03 
to 0.3 cm) that this heat flow time is of the 
order of some thousands of microseconds, On 


dispersion (wave motion) occurs: in a time of the 
order of ale , where c is the speed of sound. 
Since c is of the order of 10 s - 10 6 cm/sec, the 
time period Characteristic of this mode of energy 
transfer: is in the range of 0.01 - 0.1 psec. Heat 
conduction can, therefore, be disregarded in this 
case arid only the first two of the processes 
listed need be considered; However, this still 
poses a task that is impossible without the aid of 
a modem high speed, computer. 

The computer was programmed to integrate 
the partial differential equations of fluid 
dynamics (Chapter 2), in which the energy 
transport equation includes a term for chemical 
reaction. In principle, the problem is one of 
spherical shock wave propagation as treated in 
Chapter 13, with the added complication of 
variable energy sources at every point in the 
medium. Special methods, such as the von 
Neumann-Richtmyer artificial viscosity 
technique (Chapter 14), are needed to handle 
the shock wave problem alone. 

Figs. 11-12, 11-13, and 11-14 are taken from 
Mader’s paper 10 , and the discussion which 
follows is quoted directly from that source. The 
model discussed here is termed the 
“temperature” hot spot—i.e,, one in which the 
temperature is higher than in the surrounding 
(shocked) medium, but in which the density is 
the same as that of the surroundings. The 
pressure is, therefore, higher in the hot spot than 
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Figure 11-11. Pressure-distance Profiles at 
Various Times for the Shock 
Initiation of Nitromethane by a 
92-kbar Shock (The ordinate is 
pressure in scale divisions of 100 
kbar and the abscissa is Eulerian 
distance in scale divisions of 0.1 
cm.) 
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Figure 11-12. Pressure-radius Profiles at 
Various Times fdlr the 
Development of q Detonation in 
Shocked Nitromethane (94.7 
kbar , 12S0 o K ') from a Spherical 
Temperature 'Hot Spot (1404°K) 
of0.292-cm Radius (The ordinate 
is pressure in scale divisions of 
100 kbar and the abscissa is 
Eulerian radius in scale divisions 
of 0.1 cm.) 


in the bulk medium but the pressure difference 
is of somewhat minor importance in this case. 
Mader also treats the “pressure” hot spot, where 
density as well as temperature is higher than in 
the surroundings. This case will not be described 
here, The quotation from Ref. 10 follows: 

“Fig. 11-12 shows the pressure-radius profiles 
for a 0,292-cm radius, temperature hot spot 


(1404° K) in nitromethane which has been 
shocked to 94.7 kbar. Initially, ^tthe boundary 
between the hot spot and the shocked 
nitromethane, a small shock is sent into the 
outer nitromethane and a rarefaction is sent 
back into the hot spot. At about 0.03 psec, part 
of the hot spot explodes and initiates the 
remainder of the hot spot, which has been 


11-14 




AMCP 706-180 


— 1 

n 

>«* 

~ ! 

lift 

6 















' 

L 



t— 






Ij 

[J 


a 

OftfftfJ 

MS. 























L 


— 

< 

— 

01 

— 

(i* 

r - 

EC 

- 






£ 
















P 

01 

1“ 

•P 

M E< 

r 












1 








J 


n 

_ 










-*1 

0 

“1 

* 

n 

ce 








a 




















-I 

a 

n 

Oft 

3 

r 

«c 




: 


> 

- 

- 

5 





r 











Figure 11-13. Pressure-radius Profiles at 
Various Times for the 
Development of a Detonation in 
Shocked Nitromethane (94.7 
kbar , 1230° K) from a Spherical 
Temperature Hot Spot (1404° K) 
of 0.06-cm Radius (The ordinate 
is pressure in scale divisions of 
100 kbar and the abscissa is 
Eulerian radius in scale divisions 
of 0.01 cm.) 


cooled by the rarefaction. A strong shock goes 
into the undetonated nitromethane and a 
rarefaction goes back into the explosion 
products. The strongly shocked nitromethane at 
the hot spot boundary explodes at about 0.06 
jusec and initiates a detonation which propagates 
through the rest of the nitromethahe. The 
detonation propagates at a velocity of 0.856 
cm/jnsec, which is the computed equilibrium 
detonation velocity of the shocked 
nitromethane. The experimental hypervelocities 
in shocked nitromethane are approximately 
0.8 cm//rsec 3,6 . 

“Fig. 11-13 shows in considerable detail 
the mechanism of, initiation of detonation 
from a 0.06-cm radius, temperature hot spot 
(1404° K) Initially, at the hot spot 
boundary, a small shock is sent into the 
shocked nitromethane and a rarefaction is 
sen; back into the hot spot. The pressure of 
the hot spot increases as a result of a chemical 
reaction. At 0.288 psec, the inner 0.045 cm of 
the original hot spot explodes. At 0.035 psec, 
the entire hot spot has exploded. A shock is sent 
into the undetonated explosive and a rarefaction 
is sent into the explosion products. The 
undetonated explosive at the hot spot boundary 
does not explode until 0.08 jLisec, or after an 
initial induction period of 0.045 psec. At 0.1 
jusec, the detonation is propagating at full 
velocity and pressure. 

“Fig. li-14 shows the pressure-radius profiles 
for a 0.0292-cm radius, temperature hot spot 
(1404° K) in shocked nitromethane. The initial 
behavior is essentially the same as for larger hot 
spots. However, the pressure and temperature of 
the undetonated explosive at the hot spot 
interface decay more rapidly because of the 
greater divergence of the flow, and initiation of 
detonation fails to occur. 

“Numerous other calculations were also 
performed varying the hot spot temperature and 
the temperature of the exterior nitromethane. 
The results can be summarized as follows. 
Temperature hot spots in shocked («* 90 kbar) 
nitromethane of 0.06-cm radius and. larger will 
explode before the rarefaction reaches the 
center of the hot spot. Cooler hot spots may 
explode even after the rarefaction arrives at the 
center of the hot spot, since the rarefaction is 
weak. For example, it was observed that a 
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1300° K, 0.06-cm-radius hot spot exploded and 
initiated propagating detonation, even though 
the rarefaction had arrived at the center of the 
hot spot before the hot spot exploded. 

“Temperature hot spots ir. shocked (* 90 
kbar) nitromethane of 0.0i3-cm radius and 
smaller will not initiate propagating detonation. 
The spherical divergence of the shock is too 
strong. For example, it was observed that a 
1400° K, and even a 1600°K, 
0.03-cm-radius-temperature hot spot failed to 
initiate propagating detonation. 


“As the pressure ana temperature of the 
shocked exterior nitromethane decrease, the 
critical size of the hot spot increases. For 
example, a O.'27-cm-radius, 1400° K temperature 
hot spot in unshocked nitromethane will not 
initiate propagating detonation, while the same 
hot spot in nitromethane shocked to 90 kbar 
will initiate propagating detonation. Similarly, as 
the pressure and temperature of the shocked 
nitromethane increase, the critical size of the 
hot spot decreases. For example, o. 
0.03-cm-radius, 1400°K-temperature hot spot in 
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Figure 11-14. Pressure-radius Profiles at Various Times for the Failure of a 
0,0292-cm-radius Temperature Hot Spot (1404°K) to Initiate Propagating 
Detonation in Shocked Nitromethane (94,7 kbar t 1230°K) (The ordinate is 
pressure in scale divisions of 100 kbar and the abscissa is Eulerian radius in 
scale divisions of 0,01 cm. The nitromethane at the boundary of the hot spot 
is cooling at 0.06 psec , having a temperature of 1393°K. At 0.08 psec the 
temperature has decreased to 1370° K at the boundary.) 
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1300° K shocked nitromethane will initiate 
propagating detonation, while the same hot spot 
in 1200° K shocked nitromethane will not 
initiate propagating detonation.” 

In summary, one may make the following 
generalizations concerning the behavior of 
hydrodynamic hot spots: 

(1) The question whether or not a hot 
spot starts a se!f«propagating spherical 
detonation depends on its size, temperature, and 
pressure and on the temperature of the 
surrounding shocked medium. 

(2) The first stage in the development of 
detonation from a. hot spot is the explosion of 
material: at the center of the hot spot. Such an 
explosion, however, does not necessarily lead to 
detonation. 

(3) The critical phenomenon that 
prevents development of detonation from an 
exploding hot spot is usually the spherical 
divergence of the shock wave propagating into 
the surrounding explosive. In some cases, 
however, :it is the spherical convergence of the 
rarefaction moving toward the center of the hot 
spot that chokes off the explosion. 

(4) In any case, the development of a 
hydrodynamic hot spot is influenced mainly by 
chemical reaction and wave motion, and not 
appreciably by heat conduction. 

(5) Results of the detailed investigation of 
hot spot behavior in nitromethane correlate well 
with experimental observations with respect to 
the critical size of hot spots and the shock wave 
conditions required to create hot spots that lead 
to local detonation. 


11-7 HOT SPOT CREATION BY SHOCK 
WAVES 

The contrasting behavior of homogeneous and 
nonhomogeneous explosives in the initiation of 
detonation by shock waves described in par. 
11-5 can be readily understood if it is assumed 
that a shock wave in nonhomogeneous 
explosives creates hot spots as it passes through 
the material. Some of these hot spots explode 
and create shock waves that produce reaction, 
or, possibly, local detonation in tiic* surrounding 
precompressed explosive. Since the initiating 
shock is underdriven with respect to a C*J 
detonation, energy liberated behind it can be 


transmitted to the front; hence, the shock wave 
gains added strength by the liberation of energy 
in the hot spots it has created in its wake. As the 
shock wave builds up, it produces hot spots of 
higher temperature which are, therefore, more 
apt to explode and produce local self-sustained 
shock waves or detonations. In the final 
full-scale detonation, initiation of reaction by 
the precursor shock may still depend on hot 
spot formation rather than initiation by uniform 
compression of the medium. 

The concept of hot spots in connection with 
explosives originated from the' study of 
initiation by friction, and impact 13 * 16 . In 
experiments where hot spots are developed in 
inert material associated with the 
explosive— such as grit particles in the case of 
friction experiments and occluded gas pockets in 
the case of impact experiments— heat flows from; 
the hotspots to the adjacent explosive and starts 
decomposition there. A delay of the order of 
100 psec is often involved between the impact 
that creates the hot spots and the explosion. 
Such a period of time is characteristic for 
diffusion of heat over a distance of the order of 
10 microns. 

A delay as high as 100 Msec, obviously, is 
impossible in most cases of shock initiation since 
in this period of time the shock wave would 
travel something like half a meter. Prom such 
considerations one concludes that hot spots, to 
be effective in shock wave initiation, must be 
created within the explosive medium itself and 
not in gas pockets or inert particles. In the case 
of initiation at the site of small air bubbles in 
nitromethane, as photographed in Fig. 11-10, 
the initial flash of light when the, shock wave 
strikes the bubble is caused, no doubt, by the 
sudden compression of the gas in the bubble. 
But, the local detonation, which is initiated 
about one microsecond later, must arise from a 
hot spot created simultaneously in the 
nitromethane itself near the bubble, because this 
period of time is insufficient for heat transfer. 

The paper by Evans, Harlow and Meixner 14 
provides some insight into how hot spots can be 
produced in the medium surrounding a small 
discontinuity such as a gas bubble by interaction 
with a shock wave. The cases treated in detail by 
these authors involve only gases: specifically, the 
case of a bubble of neon in a helium continuum, 
and a bubble of helium in a neon continuum. 
The results are instructive, but obviously not 
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necessarily transferable to condensed explosi* es. 
Figure 11-15, taken from Ref. 14, shows he w a 
bubble is deformed and the shock front 
distorted by interaction with the shock wave. 
Fig. 11-16 from the same paper shows the 
temperature distribution after the shock wave 
has passed through the bubble for the case of a 
neon bubble in a helium continuum. High 
temperature areas comparable in size to the 
bubble are formed in the adjacent medium due 
to the interaction. 

Ref. 14 also describes the results of 
calculations for a shock wave interacting with a 
vacuum bubble in mtromethane. The bubble in 
this case collapses completely when struck by 
the shock, and a high temperature hot spot is 
formed in the adjacent liquid. Computational 
difficulties prevented this phenomenon from 
being more fully explored. 

The formation of hot spots in 
nonhomogeneous explosives may be understood 
in terms of several different mechanisms (see 
References 13, 15-19, also Chapters 10 and i2). 


In a loose crystalline- explosive, for example, hot 
spots within the crystals undoubtedly arise 
because of shejk wave distortion caused by the 
sharp discontinuities in the medium. Also, 
physical impact of crystals at points of contact 
when they are propelled into motion by the 
shock wave may be an important hot spot 
mechanism in this case. In a pressed or cast 
polycrystalline explosive, the anisotropy of the 
crystals may give rise to shock wave interactions 
of important magnitude. And, even in a highly 
densified explosive, voids of microscopk size 
which produce shock wave interferences are not 
entirely absent. 

Generally, an increase in void space causes an 
increase in sensitivity for any condensed 
explosive. The difference between a voidless 
material and a loose crystalline powder, for 
/example, covers one of two orders of magnitude 
in the shock wave strength required for 
initiation. Thus, a homogeneous single crystal of 
PETN requires a shock picssure of about 100 
kbar for initiation 20 , whereas pressed granular 


* Time scale is arbitrary; the 
relative values of the numbers 
are important. 



Figure 11-15. Successive Configurations of Shock and Bubble (Left-hand sequence is for 
neon bubble in helium; right-hand sequence is for helium bubble in neon.) 
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PETN with 40 percent voids (density « 1.0 
g/cm 3 ) requires only 2.5 kbar 21 . 

In the compressed granular explosive 
approaching crystal density, or in a 
plastic-bonded explosive, for example, hot-spot 
sites may be few in number and relatively 
“inactive” Such mwcerials might be expected to 
show “homogeneous behavior” when initiated 
by a strong shock. In fact, it is quite possible to 
have hot-spot initiation and homogeneous 
initiation proceeding simultaneously, as the 
photograph in Fig. 11-10 shows. 

11-8 SENSITIVITY TO SHOCK INITIATION 

In most applications the main explosive charge 
is initiated by a detonator cap or primer, 
possibly in conjunction with a booster charge. 
Such an initiating system often produces an 
underdriven shock wave; therefore, many of the 
principles discussed in this chapter have a 
bearing on problems connected with the design 
and performance of these systems. Also, in the 
use of explosives for blasting, it frequently 
happens that an inert object may fall between 
two sticks of dynamite in a borehole, or that an 
air gap may result from not tamping the sticks in 
the borehole firmly enough. It is, therefore, 
important that explosives used for this purpose 
be sufficiently sensitive to shock wave initiation 
so that detonation will not fail to propagate 
under these circumstances. 

In principle, one may distinguish between the 
shock wave sensitivity of explosives and 
sensitivity to other stimuli such as impact and 
friction. Indeed this distinction has been drawn 
in the division of subject matter in this 
handbook, the present chapter dealing with 
initiation by shock waves, and the next chapter 
dealing with initiation from thermal sources. 
Nevertheless, these two subjects have important 
factors in common. 

The term “shock wave sensitivity” has been 
used rather loosely up to now, and it is 
important to clarify its meaning. One can, of 
course, define it arbitrarily In terms of some 
standard test, e.g., the gap test. The results of 
such a test may be treated in a more or less 
sophisticated way, by defining the sensitivity 
either in terms of the actual shock strength 
produced in die explosive at the critical, “go, 
no*go” threshold, or, more simply, in terms of 



Figure 11-16 . Isotherm Plots for the Shock in . 

Helium Hitting a Neon Bubble 
(The numbers are 100 times the 
specific internal energy ; behind 
the initial shock , the value is 50. 
Dashed lines show the bubble 
configuration. Cylindrical axis is 
to the left . Late-time heating at 
the top is caused by collision 
with wall. 1*30.) 

the critical thickness of the gap material. But, 
either way, the point remains that wiy such 
definition is arbitrary in some degree because 
there is at least one other factor that may be 
important besides cthe peak pressure in the shock 
wave. This factor is time, i.e., the duration of 
the shock pulse or Us characteristic decay time. 

The time factor in the initiation of solid 
explosives is of interest, because it could be 
important in determining shock sensitivity. In a 
shock sensitivity experiment, such as the gap 
test, the time period over which the initiating 
shock can be sustained in the acceptor charge 
vdthout chemical reaction is limited either by 
(1) the diameter of the donor charge, (2) the 
length of the donor charge (i.e., the pulse width 
of the incoming shock), or (3) the diameter of 
the acceptor charge. This arises because 
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rarefactions (release waves) will always 
propagate towards the shock front from the 
charge boundaries (Chapter 9). The release 
waves are associated with a drop in pressure and 
temperature, and hence will effectively quench 
chemical reaction. Therefore, if detonation is to 
be initiated in an acceptor charge, significant 
chemical reaction (e,g., thermal explosion) must 
occur prior to the arrival of the release waves. 

This criterion for shock initiation of 
detonation can be stated as 

t (d*) > t,(P ,) (11-2) 

where r(d*) is the time period available for 
chemical reaction when, the limiting charge 
dimension is d , and' t t (P f ) is the thermal 
explosion time for an initiating shock pressure 
P { . The equality sign in Eq. 11-2 will then define 
the critical shock pressure (i.e., P. * P cr ) for a 
“go or no-go” result in a gap test experiment. 
Since r can be expected to decrease with 
decreasing d , and t e to decrease with increasing 
P { (see Eqs. 10-20 and 10-21), it can, therefore, 
be inferred^ that P cr must increase with 
decreasing a . 

This effect on P gr has been borne out in a 
series of gap test experiments carried out by 
Aerojet-General Corporation with solid 
composite propellants 22 . Fig. 11-17 shows the 
experimental variation in P cr with acceptor 
charge diameter for three different propellants . 
In these gap tests the acceptor was a right 
cylinder with a diameter greater than the critical 
diameter d c (i.e., the minimum charge diameter 
in which a steady-state detonation will 
propagate). The donor charge in each case was a 
conical TNT booster that is three base diameters 
in height with the base diameter equal to the 
diameter of the acceptor. The region below each 
of the curves defines the “no-go” region for the 
propellant, and above the curve, the “go” 
regionf. 

It is clear from the figure that there are values 
of the acceptor diameter, particularly near to d c , 


* Compotitfoni containing ammonium perchlorate, 
aluminum, RDX, and PBAN binder 
(polybutadiene-acrylonitrile copolymer). 

t A "go” result was interpreted when detonation wa is 
initiated and sustained over the entire length of the 
acceptor (2*4 charge diameters), 


where a decrease in charge dimension causes an 
increase :n P . It can be construed from these 
results that the acceptor diameter is acting as a 
limiting dihicnsiori d and that its effect 
becomes less important at larger charge diameters. 

Table 11-3 shows the effect of variations in 
diameter of the donor charge on the shock 
pressure required for initiation of one of the 
propellants from Fig. 11-17 (i.e., propellant A 
with 9.2% RDX; d = 2.7 in.). Here the 
cylindrical acceptor charge diameter was kept 
constant at 6 in. and the donpr charges were 
cylindrical TNT boosters whose diameters were 
varied. While the values for P cr are not well 
defined by these data, it is clear that shocks of 
higher strength were required for a “go” result 
when the donor charge diameter was made 
smaller. This would again indicate that there is a 
limiting charge dimension d , namely the donor 
diameter, at least for those cases where the 
diameter is less than that of the acceptor. It is 
interesting to note from Table 11-3, that a “go” 
result can be obtained even when the donor size 
is less than the critical diameter of the acceptor, 
however the value of P cr apparently is greatly 
increased in this case. 

Fig. 11-18 depicts the results of a shock 
sensitivity experiment with Propellant A, d c = 
2.7 in., using the flyer-plate technique. In this 
test explosively driven flyer plates (5 sq. in., 
1/32 to 1/2 in.) are impacted against the 
acceptor charge (4 in. diameter). In this manner 
planar shock waves with varying peak pressure, 
(proportional to plate velocity) and pulse width 
(proportional to plate thickness) are introduced 
into the acceptor. As in the gap-test, a “go or 
no-go” result is determined. It is quite evident 
from Fig. 11-18 that varies quite drastically 
when the pulse width is less than 1-2 psec, but 
approaches a constant value at larger pulse 
widths. Since the pulse width in microseconds is 
governed by the release wave which moves 
directly behind and toward the shock front, the 
data of Fig. 11-18 can be interpreted as 
indicating the existence of a limiting dimension 
d which would be equivalent to the length of a 
donor charge. In this particular case, the d 
corresponding to a 2 psec pulse width would be 
**7 mm. 

One can conclude from these results that the 
critical shock strength for initiation may be 
controller. by factors which are not intrinsic to 
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TABLE 11-3 EFFECT OF DONOR CHARGE DIAMETER ON SHOCK SENSITIVITY 


Acceptor Charge: 6-in. right cylinder (critical diameter - 2.7 in.) 


Donor Charge 

Initial Shock 

Gap Test 

Diameter , in, 

Pressure, kbar 

Result 

T.OO 

250* 

No -O 

1.50 

250 

No-Go 

1.75 

150 

No-Go 

1.75 

250 

Go 

2.00 

125 

No-Go 

2.00 

150 

Go 

2.00 

250 

Go 

3.00 

50 

No-Go 

6.00 

«3.0 

Go 


* Maximum shock pressure attainable (i.e., zero-gap). 


the explosive composition, in which case one 
must be cautious in comparing the experimental 
results from different test arrangements, and 
even with the same test arrangements. However, 
it is also evident that it is possible to minimize 
the effects of charge geometry on P cr by 
utilizing charge diameters both for the acceptor 
and donor which are larger than the critical, 
diameter of the test material. 

11-9 THEORY OF SHOCK WAVE 
INITIATION IN SOLID EXPLOSIVES 

The contrasting behavior of homogeneous and 
nonhomogeneous explosives when subjected to 
underdriven shock Waves was described in par. 
11-5. Solid explosives, except for single crystals, 
are nonhomogeneous; and, typically, unless the 
wave decays without producing detonation, it 
begins to accelerate immediately, and smoothly 
develops to a steady-state detonation. 
Acceleration of the front indicates that reaction 
is occurring close behind the shock. Electrical 
resistivity measurements derived by Campbell, 
Davis, Ransay, and Travis 6 tend to confirm this. 
Their experiments seem to show that the region 
immediately behind the underdriven shock front 
is electrically conductive, and that the 
conductivity in this region increases continually 
as the wave progresses until steady state 


detonation is reached. This indicates that weak 
chemical reaction occurs behind the entering 
shock front and becomes strongeras the shock 
wave builds up. This finding is somewhat at 
variance, however, with conclusions reported by 
Gipson and Macek 23 , who interpreted their 
experimental results to mean that the reaction at 
first lags at a distance behind the shock. They 
explain the acceleration of the front as resulting 
from the action of compression waves emanating 
from the reaction zone. In their picture, the 
reaction catches up to the shock wave only 
when full detonation is established. The 
conditions were not the same in the two sets of 
experiments: Campbell, et al., employed - ; plane, 
essentially nondecaying (step-like) shocks, 
whereas Gipson and Macek used a typical 
gap-test geometry where neither of these 
conditions were fully met. Also, the conclusions 
of Gipson and Macek are based on an observed 
difference in location of a pressure frpnt as 
detected by pressure collapsing probes and a 
“flame front” as detected by a common type of 
ionization probe. The pressure detectors were 
located on the central axis of the cylindrical 
charge, and the ionization detectors at the 
interface of the explosive and the steel tube used 
to confine the charge. Possibly, the 
interpretation of the experimental results could 
be reconciled in the two cases if the electrical 
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response characteristics of the different 
ionization probes were carefully analyzed, and if 
the curvature of the front in the Gipson and 
Macek experiments were taken into account. 
The theory of hot spots as described in the 
previous paragraphs suggests that initiation takes 
place within 0.1 Msec or less after passage of the 
shock. It is to be expected that ionization will 
increase with time as the initiation process 
spreads, and as the reaction becomes general 
throughout the mass of the explosive. Therefore, 
the-somewhat disparate conclusions if these two 
investigations may not be really at variance with 
this theoretical picture. 

Although experimental work has not as yet 
yielded a clear picture of the nature of the 
reaction that supports a shock wave in the early 
stages of the initiation process in solid 
explosives, it is quite certain that energy release 
occurs not far behind the initiating front. This is 
in distinct contrast to the behavior of 
homogeneous liquid explosives where 
detonation develops at the back face where the 
shock first enters the explosives. Obviously the 
model of a simple first-order, Arrhenius-type 
reaction— which describes the latter 
phenomenon so well— does not represent the 
entire behavior of solid explosives. Indeed, there 
is little ooubt that the actual mechanism 
involves initiation by hot spots followed by 
some sort of surface-erosive deflagration, or 
grain burning. The formulation of a 
mathematical model along these lines, however, 
presents some rather formidable problems not 
encountered in the homogeneous case. 

The general approach to this question has been 
discussed by Adams 24 , who shows that a 
pressure-dependent burning-law as displayed by 
solid propellants, i.e., 

r = fcS p " (11-3) 

where r is the linear surface erosion rate; S, the 
surface area; P, the pressure; and k and n 
constants, will meet many of the model 
requirements provided the reaction is., supposed 
to start on all the grain surfaces when the shock 
advances over them. Warner 25 has formulated 
the equations of motion for a computer program 
with this type of heat release term. As a 
technical matter, it is necessary to set an 
arbitrary pressure level below which 


decomposition does not occur to prevent the 
explosive from decomposing even before the 
shock passes through it. Essentially this device 
performs the function of hot spots in the actual 
case. Another practical problem is to find an 
equation of state that satisfactorily describes the 
two-phase system representing the surface 
burning explosive grains and the product gases. 
In spite of obvious imperfections, a simple 
model with a pressure-dependent burning law 
does show the desired behavior: steady build-up 
of the shock front to detonation without 
overshoot. Some of the results reported in Eef. 
25 are depicted in Fig. 11-19 and 11-20. These 
figures illustrate the calculations for an initiating 
shock of finite duration applied by means of 
piston r. .on at the left boundary of the 
explosive = 0), the motion of the piston 
being adjusted to support the flow at all times as 
reaction builds up. Full development of the von 
Neumann “spike” (Chapter 8) to the 
steady-state condition occurs in this case in 
about one microsecond. 

Boyer and coworkers 26 have attempted to 
simulate the behavior of hot spots combined 
with grain burning by a “two^zone” model. The 
explosive grains are considered to be enveloped 
in a thin initiating layer which comprises a 
fraction F % of the total explosive. This initiating 
layer behaves as a homogeneous explosive, 
following a first order Arrhenius law. The 
activation energy is adjusted to give a suitably 
short ignition delay time. By means of this 
device the grain burning mechanism is brought 
into action in the second, inner zone. Behavior 
of this model is similar to that of Warner’s 
model, showing a steady build-up to full 
detonation at the shock front. Interesting 
studies can be made in this case by varying the 
fraction , which might be thought of as the 
“hotspot” fraction. Boyer and Grandey 26 have 
also considered the effect of varying grain size 
on the behavior of the two-zone model. Larger 
grains lead to a longer reaction zone and a 
slower build-up to detonation, as expected (cf. 
Chapter 9), 

Boyer, on the basis of the two-zone model, has 
investigated some interesting ideas pertaining to 
the effect of void spaces, or porosity in the 
charge. The following remarks are quoted from a 
discussion in the Ninth Combustion Symposium , 
p. 551 (Academic Press, 1963): “An interesting 
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Figure 11-19. Build-up of Shock Wave in Solid 
Explosive to Detonation for a 
Surface-erosion (grain burning) 
Law of Heat Release 26 (The 
shock enters the explosive atX = 
0 with a pressure of 10,000 atm.) 



Figure 1 1 -20. Peak Pressure and Position of the 
Wave as a Function of Time for 
the Case in Fig. 11-19 


type of ignition occurs when there are pores or 
voids in the charge. It is found that if, upon 
passage of a shock over porous material, the 
pores are compressed to zero volume, then the 
energy deposition in excess of that deposited by 
a shock of similar intensity in a nonporous 
material is approximately proportional to the 
initial pore volume This excess energy 
represents work done in compressing the pore. It 
is associated with motion and viscous 
dissipation, and presumably is deposited in the 
vicinity of the pore. If the volume of material so 
affected is approximately equal to the pore 
volume, then the temperature rise will be twice 
in bulk material. A hot spot approximately 
equal to the pore volume is, therefore, created 
(cf. Ref. 10, 14, and 22); this logically becomes 
the volume of the ignition region, and it is 
concluded that in the initiation of porous 
explosives by such a mechanism, the parameter 
F 1 can be taken to be equal to the fractional 
porosity of the charge. It is to he noted that the 


foregoing arguments do not depend significantly 
upon the type, or even the presence of occluded 
gas. 

“This relation between porosity and the 
ignition process provides a resonable 
interpretation of many widely observed 
characteristics of detonation waves.. It is first 
necessary to realize that representation of the 
ignition reaction by an Arrhenius function 
means that the ignition reaction zone is very 
narrow. Its energy contribution to support of 
the wave is, therefore, not seriously degraded by 
lateral expansions, even at small charge 
diameters. This will be equally true of Taylor 
expansions (Chapter 8) behind the wave after a 
very short propagation distance. It follows that 
if a large fraction of the charge material is 
consumed in the ignition process, as would be 
the case, according to the previous argument, 
with loosely packed, porcus charges (i.e., large 
F % ) one would expect a very short wave ry,n up 
to steady state and a small critical diameter. 
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With a high density, nonporous charge, the 
converse would be expected. Such behavior is in 
general accord with experiment.” 

Boyer also makes these remarks concerning 
the effect of grain radius R g . “The parameter R g 
has a similar effect on the surface regressive 
process. A small R g provides a thin reaction 
zone width and, consequently, a short run-up 
distance and small critical diameter, whereas the 
converse is true with large R g . We have observed 
that computed waves in charges defined to have 
an R g combined with a small Fx (i.e., initiating 
fraction) will run for large distancesat a velocity 
of about 4 mm/Msec before accelerating to a 
steady value. Since these waves were computed 
with one-dimensional geometry, the effect of 
lateral losses could not be ascertained (cf. 
Chapter 9), but it is believed that had such losses 
been present* these low velocity waves could 
have been indefinitely stabilized. 
Experimentally, it is reported that the condition 
of large grain size, high density, and small charge 
diameter is just that which results in stable low 
order detonation” (cf. Rel's. 27 and,28). 

The term “low-order” detonation is a loosely 
defined concept 'referring to reaction waves 
which travel at velocities much less than that 
predictable by C-J theory. These processes, 
which can be considered as intermediate 
between deflagrations and detonations, 
undoubtedly involve a critical balance between 
energy production by heterogeneous reaction 
processes and energy loss due to lateral 
expansion (Chapter 9). Hence the observed 
reaction wave depends critically on charge 
diameter, porosity, explosive composition, 
confinement, etc. A comprehensive review of 
this general subject can be found in Ref. 28 
which is a U.S. Army Research Office STAF 
report. 

A special case of “low-order” detonation is the 
so-called “low-velocity detonation wave” (LVD) 
which can occur in certain liquids and solids and 
in charge geometries which can also sustain a 
“nonnal" C-J type detonation. This special case 
is discussed in some detail in par. 11-10. 

11-10 LOW-VELOCITY DETONATION 
(LVD) 

The discussions of shock wave initiation have 
referred so far primarily to the establishment of 


a “normal” detonation wave whose velocity is 
commensurate with that predictable from 
hydro thermodynamic theory. For many years, 
however, it has been known that certain solid 
and liquid explosives (e.g., granular TNT and 
nitroglycerin) can detonate in two different 
velocity regimes (see Ref. 28). There is the 
stable ‘‘normal” mode or high-vclocity 
detonation (HVD) which we have referred to 
previously, and an apparently stable low-velocity 
detonation (LVD) that propagates near the sonic 
velocity of the unreacted material. The LVD 
mode occurs only under special conditions of 
charge diameter, confinement, and initiation. 
This can be seen in Fig. 11-21 whi.c i presents 
the detonation velocities found in a typical 
blasting gelatin 29 . 

The HVD mode is seen to propaga' : 
essentially at the Chapman-Jouguet velocity of 
7500 m/sec, while the LVD mode propagates at 
1500-2500 m/sec, which is near sonic in the 
unreacted blasting gelatin. In this case, either 
HVD or LVD could be obtained at the same 
charge diameter simply by changing the 
initiation source from a high strength Briska 
detonator to a lower strength fulminate-chlorate 
detonator. Similar HVD-LVD phenomena have 
been reported for granular TNT 30 . 

The different shock strengths required to 
initiate HVD and LVD is one of the striking 
differentiating characteristics of the two modes 
of detonation. For example, HVD in 
homogeneous liquid explosives requires shock 
initiation pressures of 50-100 kbar, whereas an 
LVD in these same liquids might be initiated 
with shock pressures one to two orders of 
magnitude less. A good example of this 
difference can be seen in the gap-test sensitivity 
data (see Table 11-4) reported by the U. S. 
Bureau of Mines for a 50/50 
nitroglycerin-ethylene glycol dinitrate explosive 
mixture (NG-EGDN) and a nitric acid-fuel 
solution (Cavea B110) 31 . 

The extreme shock sensitivity of materials to 
LVD has considerable significance in the safe 
handling of liquids which can undergo this mode 
of detonation. Accidental explosions have 
occurred in nitroglycerin and liquid 
monopropellant manufacturing facilities as the 
result of relatively mild initiation stimuli. This 
suggests that LVD may have been the 
responsible factor in the initiation of the 
explosion. 
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TABLE 11*4 EXPERIMENTAL CARD-GAP TEST RESULTS 


Sonic 

Confinement Velocity ,* P ( /P** Gap Valuesf: 

Material m/sec (in. of Lucite) 


NG-EGDN Caved B 





HVD-LVD 

LVD NI 

HVDrLVD 

LVD-NI 

Lucite 

1840 

1.00 

2.2 

>12 

l*2tt 

— 

Lead 

1190 

1.73 

1.8 

>12 

1.5 

— 

Aluminum 

5000 

1.73 

1.2 

> 12 

0,1 

3i0 

Copper 

3810 

1.87 

1.0 

> 12 

<0.1 

4;0 

Steel 

520Q 

1.90 

0.4 

> 12 

<0.1 

6.0 


* Sonic velocity in thin rods of confinement material. 

** Ratio of transmitted to incident pressures from Lucite gap. 

f Gap values for HVD-LVD refer to threshold between HVD and LVD. 

Gap values for LVD-Nf refer to threshold between LVD and no initiation (NI). 

ff Only HVD observed. 


At the present time there is no adequate 
theory for LVD initiation and propagation, 
however, experimental studies at the U. S. 
Bureau of Mines 31 ' 33 and Stanford Research 
Institute 3 *' 36 have characterized some of the 
properties of LVD in liquid explosives. These 
studies suggest that the phenomenon involves 
complex shock interactions between the liquid 
and the container walls, and the formation of 
vapor bubbles by cavitation. 

Table 11-5 shows some of the results found by 
the U. S. Bureau of Mines for the stability of an 
LVD wave in NG-EGDN under various 
conditions of confinement 33 . It is evident that 
wave stability is enhanced by increased 
container wall thickness and increased wall 
sound speed. These results along with high speed 
photographic evidence of cavitation in the liquid 
led Watson, et al, 33 to suggest the following 
four step model for LVD initiation and 
propagation. 

In the first step, shocks (precursor waves) 
moving up through the container walls cause 
bow waves in the liquid explosive which 
compress the fluid. In step 2, the compressed 
liquid is expanded by the rarefaction waves 
which are associated with a radially outward 
motion of the container walls. In step 3, the 


liquid cavitates resulting in the formation of 
large numbers of gas bubbles. In the final step, 
the gas bubbles ignite to release the energy 
required to support the precursor shock wave in 
the container wall. 

The mechanism by which these steps are 
coupled to yield a steady state reaction wave has 
yet to be worked out. However,, the model is 
somewhat similar to the grain burning 
mechanism often postulated for granulai solid 
explosives (e.g., see discussions in previous 
paragraph). In the solids case the surfaces 
necessary to support bulk grain burning are 
associated with the individual grains of 
explosive. In the liquids case, the necessary 
surfaces are formed in situ by cavitation behind 
the precursor waves. 

Amster and coworkers 3 4 at Stanford Research 
Institute suggested a somewhat different model 
for LVD propagation, In this model the bow 
waves in the liquid coalesce to form a high 
pressure “Mach disc” which travels with the 
speed of the precursor wave. The pressure just 
behind the “Mach disc” could be quite high (& 
85 kbar) which would be marginally sufficient 
to initiate the same type of reactions that 
support HVD in the liquid. This model would 
explain the observations that (1) a propagating 
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TABLE 11-5 RESULTS OF LOW-VELOCITY DETONATION STABILITY STUDIES^ 
WITH NG-EGDN 

(c o - 1.48 mm/psec, p = 1.55 g/cm 3 ) 


Wall 


Detonation 

Thickness , in. 

Result 

Velocity , mm/psec 


Lead Tubes: c o ~ 1.21 mm/p^ec 


1/16 

Unstable 

— 

1/8 

Unstable 



1/4 

Unstable 

.... 


Plexiglas Tubes: c q * 1.84 mm/psec 


1/16 

Unstable 



1/8 

Stable 

2.14 

1/4 

Stable 

1:84 

1/1,6 

Steel Tubes: c q == 5.20 mm/psec 


1/16 

Stable 

1.96 

1/8 

Stable 

1.88 

i/4 

Stable 

2,11 


Aluminum Tubes: c o - 5.00 mm/psec 


1/16 

Unstable 



1/4 

Stable 

2.04 


LVD wave often changes in a jump fashion to an 
HVD wave, (2) an LVD wave is more stable in 
cylindrical containers (wall shocks in 
noncylindncal containers will not give rise to a 
“Mach disc”), and (3) LVD wave stability is 
sensitive to wall composition and wall thickness. 

However, in subsequent studies Woolfolk and 
Amster 3 5 observed an apparent LVD 
propagation with 1,2 diflu oraminopropane 
(1,2-DP) in cylindrical lead and square 
aluminum containers (see Table 11-6). This is 
inconsistent with the “Mach disc” model 
because with lead having a sound speed (c 0 = 1.2 
mm/psec) just slightly above that of 1,2-DP (c o 
= 0.96 mm/psec) a high pressure “Mach disc” 


would not be expected to form in the liquid. 
Also, a well defined “Mach disc” is not expected 
to be formed when the liquid is contained in a 
noncylindrical geometry'. 

Indirect evidence in support of a cavitation 
type model comes from an extensive 
experimental study by Stanford Research 
Institute (SRI) of the sensitivity of an, isomeric 
series of difluoramino propanes (1,2-DP; 2,2-DP; 
1,3-DP) 36 . These liquid explosives consistently 
exhibit an LVD of ~ 1 mm/psec in charges of 
less than « 9 mm diameter and an HVD of » 6 
mm/psec at larger charge diameters. In some 
cases the LVD wave can be initiated by 
extremely weak shocks as can be seen from the 
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TABLE 11-6 LVD GAP TEST FOR 1-2-DP: EFFECT OF CONFINEMENT 
GEOMETRY AND SONIC VELOCITY 


Sonic Velocity , Dimensions 50% Gap, cm 


Tube Material 

mm/psec 

Geometry 

ID, cm 

Wall , cm 

ofPlexiglas 

Aluminum 

5.2 

Cylinder 

1.27 

0.23 

>214 

Aluminum 

5.2 

Square 

1.27 

0.318 

> 61-01.5 

Brass 

3.7 

Cylinder 

1.27 

0.23 

>95 — <122 

Steel 

5.1 

Cylinder 

1.27 

0.63 

> St -<126 

Lead 

1.2 

Cylinder 

1.27 

0.63 

> 95.0t 


t No further test was made above this gap because the average propagation velocity had become subsonic. 


positive gap test result for 1,2-DP with a 214 cm 
gap (see Table 11-6). 

It was found by the SRI group that the order 
of increasing shock initiation sensitivity for the 
difluorammopropanes is just that order which 
would be expected on the basis of increasing 
gas-phase reaction rates (see Table 11-7). In 
addition, the drop weight and spark sensitivities 
for the compounds follow the same order. On 
the other hand the order of HVD shock 
sensitivity as deduced from measured shock 
initiation induction times (see par. 11-5) is 
exactly opposite to that for LVD. These results 
suggest the following: (1) the controlling 
chemical reactions in LVD are gas-phase 


decompoisitons (i.e., in gas bubbles formed by 
cavitation of the liquid), and (2) the controlling 
chemical reaction step in LVD is not the same as 
that in HVD, at least for the two compounds 
shown in Table 11-7. The first suggestion is 
consistent with a cavitation type model for 
LVD, while the second suggestion is inconsistent 
with the “Mach disc” model; 

The various observations of LVD in liquids 
indicate that a quantitative understanding of the 
phenomena cannot be obtained by application 
of the Chapman- Jouguet theory. Consideration 
must be given to the multiple shock wave 
interactions that occur and to heterogeneous 
bulk buying in the liquid. 


TABLE 11-7 CORRELATION OF SENSITIVITY TESTS WITH REACTION RATES 


Gas-Phase 
Reaction Rate 

Sensitivity Test 

Reaction Time 
HVD Gap 

LVD Gap 

Drop Weight 

Spark 

2,2-DP A * 

2,2-DP A 

2,2-DP A 

2,2-DPA 

2,2-DP 1 ** 

1,2-DpT 

1,2-DP T 

1,2-DP T 

, 1,2-DP T 

1,2-DP 1 

1,3-DP' 

1 

1,3-DP 1 

... 1 

... t 


4 f * increasing sensitivity or reactivity. 
** 4 - increasing reactivity. 
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CHAPTER 12 INITIATION AND GROWTH OF DETONATION FROM IMPACT, 
FRICTION, AND THERMAL SOURCES 


12-1 SENSITIVITY TO IMPACT AND 
FRICTION 

Safety is, of course, a constant concern in 
handling explosives; from the beginning of their 
development, methods were sought to test the 
“sensitivity” of explosives to various types of 
stimuli. Explosives that are more sensitive to 
impact and friction are not necessarily more 
powerful; therefore, it should be quite possible 
in principle to produce explosives that are just as 
effective or more effective than those now in use 
and which, at the same time, are safer to handle 
and use. This has been the reason for much of 
the work on this subject. At the same time 
attempts have been made to interpret the 
sensitivity behavior in terms of properties that 
are better characterized and better understood; 

The difficulty of* the sensitivity problem 
stems, indeed, just from the fact that it is so 
poorly understood and, therefore, so poorly 
defined. Even at the present time there are no 
standards in this field; tests results from one 
laboratory may not entirely concur with those 
from another. In the United States there are 
perhaps three nonofficial “standard” impact test 
machines—one at the Bureau of Mines, 
Bruceton, Pennsylvania; one at Picatinny 
Arsenal; and one at the Naval Ordnance 
Laboratory (NOL). Because there are no guiding 
principles in this area, the design and dimensions 
of each of these devices was quite arbitrarily 
arrived at. However, to obtain meaningful and 
consistent results, great pains must be taken to 
control conditions in the test whatever they are 
arbitrarily established to be. The painstaking 
nature of this work is illustrated by the 
following description of the apparatus and 
methods presently in use at the Bureau of Mines, 
a typical piece of apparatus. 

The Bureau of Mines impact apparatus shown 
in Fig. 12-1 is essentially a device in which a 
sample of explosive is subjected to an impact of 
a free-falling drop-hammer of 5-kg weight. It 
consists of a framework of steel T-beams which 
rise vertically from a massive steel base resting 
on a concrete pier. The drop-hammer and the 
yoke move between the steel beams which are 


12.5 ft in height. The yoke is provided with an 
electromagnet so that it can be magnetized. It is 
raised or lowered by means of a windlass located 
at the base of the machine. When the yoke is 
magnetized, it attracts and holds the 
drop-hammer which may be raised to any 
desired height up to 330 cm. When the yoke is 
demagnetized, it releases the steel hammer. A 
recording device attached to the windlass 
measures the height from which the hammer is 
released. The anvil assembly is mounted on the 
base of the machine and consists of a hardened 
steel anvil and a plunger, 1.25 in. in diameter 
and 6 in. in length, machined to give a sliding fit 
through a steel guide ring. The drop-hammer, 
when relee -ed, strikes the plunger which 
transmits the forces developed on impact to a 
small striking pin that fits into a steel cup 
containing the test sample. 

The striking pins—0.5-in. diameter by 0.75-in. 
length-are of type 440-C stainless steel, 
hardened to 55-60 on the Rockwell scale, and 
ground and polished to give a snug, freely sliding 
fit in the sample cup. The sample cups are 
approximately 0.5-in. in diameter and 0.25-in. in 
depth, and are of type 302 stainless steel with a 
wall thickness of 0.007-in. 

The test sample of approximately 35 mg is 
placed in the stainless steel sample cup, and the 
striking pin is gently pressed down upon the 
sample. This assembly is then centered on the 
anvil by a shallow socket at the lower end of the 
plunger. The hammer is raised to a given height 
and then allowed to drop on the plunger. If no 
explosion or reaction occurs, the hammer is 
raised to successively greater heights and the test 
repeated with a fresh charge until a reaction 
occurs or until the maximum range of the 
equipment is reached, If a reaction does occur, 
fresh samples are tested at successively lower 
initial heights of fall until a point of no reaction 
is reached. Once the initial height is determined, 
a sample will be tested at a given increment 
below the level at which the previous sample was 
tested if that sample reacted, and a given 
increment above the level at which the previous 
one was tested if it did not react. By using this 
“up-and-down” method and analyzing the data 
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statistically, a height for 50-percent ignition 
probability is attained. 

The determination of an “explosion or 
reaction” is based on visual and aural 
observation. Any indication of 
decomposition-explosion, burning* flash, 
smoke, or charring— is considered a “go”. 

One difference between the Bureau of Mines 
test and that at NOL is the use at NOL of a 
piece of sandpaper placed under the sample on 
the test anvil. This possibly has the effect of 
more nearly standardizing the mechanism by 
which the mechanical energy of the falling 
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weight is converted to heat in the explosive 
sample. 

( Other differences are present in the tooling, 
drop weight, size and criteria forjudging a “go”; 
All differences combine to give different 
50-percent drop height values for the same 
explosives; however, in general, when properly 
determined on adequate equipment, th^ results 
have a differential validity-in that they correctly 
order explosives with respect to impact 
sensitivity. 

Friction testing of explosive has not been as 
common as impact testing. However, interesting 
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Figure 12-2, Illustration of Apparatus Used for Determining the Friction Sensitivity of Solid 
Explosives 
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results have been obtained by Bowden 1 and 
coworkers using friction apparatus such as that 
illustrated in Fig. 12-2. Some of the results are 
described in par. 12*3. The device in Fig. 12-2 is 
designed so that a thin layer of solid explosive is 
subjected to rapid shear while held under a 
known load. 

12-2 DESIGN AND ANALYSIS OF 
SENSITIVITY EXPERIMENTS 

Explosive sensitivity tests are among the few 
examples of what might be described as 
one-shot, “go or no-go” experiments. Certain 
types of biological tests, e.g., lethal dosage, also 
fall into this category. In experiments of this 
nature, only a single trial can be performed on 
each specimen because it is so altered by the 
test, regardless of outcome, that it cannot be 
subjected to further testing. Thus, it is not 
possible to determine the critical level of the 
independent variable— e.g., the drop height of 
the impact test-in t»*is case for each specimen 
and, therefore, an element of indeterminacy is 
inherent in each trial result. One consequence of 
this situation is that more tests are necessary to 
determine the sample mean and standard 
deviation with given precision than in 
experiments where a definite critical threshold 
value can be assigned as a result of each trial. 
Another consequence is that a certain method of 
testing, the so-called “up and down” method, is 
considerably more efficient than other methods 
in deriving this information. 

The up-and-down method was developed by 
the Explosives Research Laboratory, Bruceton, 
Pa., and the statistical analysis appropriate to it 
was developed by the Statistical Research Group 
at Princeton University during World War II. A 
full treatment of the subject may be found in 
Ref. 2; the essentials are given in the following 
discussion which refers specifically to the 
drop-weight impact sensitivity test. 

In performing a test on a given sample of 
explosive, one first of all fixes certain points on 
the height scale at which trials will be made. 
Individual trials are then made by setting the 
drop hammer at one of these points, never at 
intermediate positions. The fixed points, which 
we designate by the general symbol h ( to 
indicate the i-th point on the scale, are separated 
by equal intervals d on a normalized scale. The 


normalized scale is defined as that scale function 
of height on which th*. actual critical drop 
heights— if these coUd be determined— of an 
infinite number of specimens of the explosive/ 
would be normally/ distributed (in the statistical 
sense). Experience indicates that the normalized 
scale in the impact test is the logarithm of the 
drop height; therefore, the intervals should be 
equal increments of log height. If equal linear 
intervals on the height scale are used, it would 
l^d, in principle, to errors in the application of 
the statistics. (A test for normality of scale is 
described in Ref. 2.) Ideally, the interval d 
should be chosen, equal to the standard 
deviation or. Obviously, since a is not known in 
advance, the magnitude of d had to be selected 
on the basis of experience. A choice of interval 
either larger or smaller than o simply makes the 
test less efficient but does not invalidate the 
results. 

The “up-and-down” test is carried out in a 
sequential manner, the choice of test level for 
the drop hammer in each trial being dictated by 
the result of the trial just preceding it. The drop 
hammer is raised by one interval d to the next 
higher point h ( + 1 if the preceding trial at h { 

was “no-go” and is lowered by one interval d to 
the next lower point h tl if the preceding trial 
was “go”. This procedure results in a nearly 
equal number of “go’s” and “no-go’s”, and 
guarantees that a great majority of trials is 
grouped around the mean. An example of an 
actual test involving 100 trials is shown in Fig. 
12-3. In this type of testing, 100 or more trials 
are considered necessary if reasonably good 
estimates are to be maae of the mean height. 

The formula for calculation of the mean 
height (or mean log height if the log scale is 
used) follows. The computation is based either 
on the “nc-go’s” (zeros) or the “go’s” (x’s), 
depending upon which is least in number; if the 
number of each is the same, either may be used. 
When the numbering of the fixed points starts 
with zero at the lowest level at which tests were 
made, the mean level m is given by 

m - c + d |-—i— Sin.(o) + Vfc] (12-la) 
Wo) J 

where c refers to the normalized scale value at 
the zero level— e.g., the value of h in Fig. 
12-3;— N(o) refers to the total number of zeros, 
or “no-go’s”; i is the number of the level; and 
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nfo) the number of zeros at that level, the sum 
being taken over all levels above the zero level. A 
similar formula applies if one counts the “go’s” 
or x*Sy as follows: 

m = c + d 2 in ( (*) - %J (12-lb) 

where N(x) refers to the tot;,’ number of x’s, 
and the other symbols are deimed consistently 
with those previously given. Eqs. 12-la and 
12 : lb are, of course, identical with usual 
formulas for calculating the mean, except for 
the correction ± 1/2, which takes account of the 
fact that the independent variable is not 
continuous, but “quantized”. 

Calculation of the standard deviation a is not 
so direct. One first calculates a number M 
defined by 



where N and n { refer to either the zeros or the 
re’s, the choice being of the one for which N is 
the smaller if N is not the same for both. If Af > 
0.40, a number s is calculated from it by the 
approximate formula 

s = 1.60 (Af + 0.04) (12-3) 

If M < 0.40, the curves in Fig. 12-4 are used to 
find s. The actual curve to be used depends on 
how close the mean value m is to the nearest test 
point h. Interpolation can be made between the 
curves in Fig. 12-4 when the difference m - h 
does not correspond to a value for which a curve 
is given. When s has been evaluated, the 
estimated standard deviation o is calculated by 
the formula 

o » sd (12*4) 

These formulas, of course, give estimated 
values for m and a based on tests on a finite 
sized sample. The standard error of the estimates 
depends, as in ordinary statistics, on 1/ yiT where 
n is the total number of trials. It also depends on 
the relative size of d and a, and on where m 
happens to fall within an interval on the height 
sc^e. For the formulas used to compute 
standard errors of various estimates, the reader is 
referred to the original publications 2 . However, 


it should be n.. ted that Martin and Sanders 3 
compared the analysis of the Bruceton method 
to that of large sample theorj employing the 
results on as many as 150,000 tnals obtained in 
a simulated computer experiment. They 
concluded that for a sample size, of 100, the 
Bruceton type of test will give a good estimate 
of the mean m, but a relatively poor estimate of 
the standard deviation a. With a sample size of 
25, the spread in m becomes excessive. 

12-3 THEORY OF IMPACT SENSITIVITY 

It is now widely accepted that initiation in all 
the common sensitivity tests depends on thermal 
explosion. Usually, the temperature . rise 
produced by the test stimulus is not uniform 
throughout the mass of explosive; instead, heat 
is concentrated in one or more small-volume 
elements, i.e., hot spots, created by the stimulus. 
Explosion occurs in these areas and spreads into 
the mass by the action of hot gases or of 
compression waves, or of both. A complete 
theory of the phenomena in any givep type 
experiment would have to treat the following 
aspects: (1) process by which heat is produced 
in a hot spot as a result of the initial stimulus, 
(2) distribution of size and temperature level 
among the hot spots as a function of intensity of 
the initial stimulus, (3) temporal behavior of a 
hot spot after it is formed as a function of size 
and initial temperature, and (4) spread of 
reaction to the bulk explosive following 
explosion of the hot spots. 

Because of the obvious complexity of the 
problem, a complete theory such as this has 
never been formulated, but considerable 
attention has been given to the problem (see 
Chapters 10 and 11). The types of processes by 
which hot spots are produced as a result of 
impact and friction have been the subject of 
much artful research by Bowden, Yoffe, and 
coworkers 1 . This work has demonstrated that 
there are a number of mechanisms by which part 
of the mechanical energy may appear as heat 
concentrated in a number of small volume 
elements or hot spots in the explosive mass. 
These findings are as yet only semi-quantitative, 
and in no instance is it possible to calculate with 
certainty the size or temperature of a hot spot 
that is produced, for example, by some given 
impact. Neither is anything yet known about the 
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distribution of temperature and size among the 
hot spots produced, or how these distributions 
affect the behavior of the explosive. The theory 
of thermal explosion was applied to hot spot 
behavior by Rideal and Robertson 4 and their 
work has been extended by several others, 
including Gross and Amster 6 , Boddington 6 and 
Friedman 7 . The final growth of the explosion 
following decomposition of the hot spot has not 
been specifically treated. What has evolved to 
the present time, then, is a partially complete 
and still largely qualitative model. Comparison 
between theory and experiment consist in 
correlation rather than quantitative calculation. 

Bowden 1 has listed the possible effects of 
impact or shock as follows: 

(1) Adiabatic heating of compressed gas 
spaces 

(2) Frictional hot spot on the confining 
surface or on a grit particle 

(3) Intercrystalline friction of the 
explosive itself 

(4) Viscous heating of the explosive 
flowing under high rates of shear 

(5) Heating of a sharp point when it is 
deformed plastically 

(6) Mutual reinforcement by interference 
of shock waves. 

The adiabatic heating of compressed gas 
bubbles proves to be an important source of hot 
spots in liquid explosives like nitroglycerin. The 
importance of this effect is illustrated by the 
following experimental finding. With 
nitroglycerin, when a bubble as small as 5 x 10' 3 
cm in radius is present, an explosion efficiency 
of 100 percent may be obtained with a 40-g 
weight falling 10 cm; but, when no gas bubble is 
present something like 5 kg falling through one 
meter may be needed to initiate explosion. 
Nitroglycerin can be initiated when a 40-g 
striker falls a distance of only 0.5 cm with the 
apparatus depicted in Fig. 12-5. (Fig. 12-5 is 
taken from Ref. 1.) Trapped air pockets may 
also be tire source of hot spots in the impact 
testing of granular solid explosives but this is not 
so readily demonstrated. 

A fact overlooked in early speculations on the 
effect of trapped bubbles on impact is that the 
heat made available by the compression of the 
air in a small bubble does not flow rapidly 
enough into the surrounding liquid explosive to 
heat it to a temperature necessary for explosion. 
Evidence has been adduced by Johannson and 


coworkers 8 to show that impact on a liquid 
containing a gas bubble causes a fine spray or 
foam inside the bubble. The tiny particles 
explode when heated by the hot compressed gas 
in the bubble, and the heat in these explosion 
products is then communicated to the bulk. 
Because of this mechanism, therefore, a 
compressed bubble is actually a much more 
potent source of heat than a simple calculation 
based on the gas alone would indicate. Similar 
effects, caused by fracturing and splintering of 
crystals, may occur in the impact test on solids. 

ifi the frictional mechanism of hot spot 
formation; melting point, thermal conductivity, 
and viscous flow play an important role. Melting 
point is significant because a low-melting 
material subjected to a given impact stimulus 
may take up so much heat by melting, (latent 
heat) that it is prevented from reaching the 
explosion temperature. A convincing series of 
experiments on this point has been performed 
by Bowden and coworkers 1 who added various 
kinds of grit to an explosive and subjected it to a 
given stimulus, either friction or impact. Typical 
results are given in Table 12-1 which lists the 
hardness as well as the melting point of the 
various grit materials used. While there is 
apparently no correlation between test results 
and the hardness of the grit particles, there is a 
very significant relationship of the behavior to 
the melting point. Clearly^ there is a sharp 
threshold effect when the melting point of the 
grit particles lies in the region of 400° C or 
higher. 

It is interesting to note that for some primary 
explosives, like lead azide, lead styphnate, and 
mercury fulminate— and secondary explosives, 
like PETN and TNT— that the secondary 
explosives melt at a temperature below the point 
at which they normally explode, whereas the 
primary explosives explode below the 
temperature at which they melt. This may help 
to explain the marked difference in sensitivity 
between the two types of explosive. However, 
melting point alone cannot explain the 
differences in sensitivity of pure secondary 
explsives; for example, PETN (m.p. - 142° C; 50 
percent impact height « 25 cm) and RDX (m.p. 
= 204° C; 50 r '-ent impact height « 25 cm). 
Chaiken and Cheselske 9 suggested that in these 
cases the rate of heating by friction (and impact) 
may be controlled by surface rate processes 
involving viscous melt flow. Quantitative 
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Figure 12-5. Cavity Striker , Showing Small Air 
Bubble Inside Cavity 


measurements of the rates of viscous melt flow 
for PETN, RDX, tetryl, and TNT under surface 
heating conditions showed that at a given energy 
input the observed melt temperatures follow the 
same order as the sensitivity, i.e., PETN > RDX 
> tetryl > TNT. These studies indicate the 
possible importance of endothermic rate 
process in determining the sensitivity of 
explosives to external stimuli. 

A simplified derivation of the relationship 
between hot-spot size and temperature at the 
critical conditions for explosion was given in 
par. 10-4, which is 


rf 

CT 



0.04 QEa* r 
a 2 cR 


(12-5) 


where. a. r is the critical radius of a hot spot that 
has a temperature T cr (or vice versa). The 
attempts at correlating thermal explosion theory 
with impact sensitivity data have usually started 
with the assumption that hot spots of the same 
Size (i.e., same value a cr ) are produced in various 
explosives by the impact' machine, and 

proceeded to calculate from am equation like Eq. 
12-5 the critical temperature T cr . This involves 
the use of kinetic decomposition data (see Table 
10-1). The temperatures so calculated are then 
correlated with the critical heights in the 
drop-weight test. 

Of the several papers that have treated this 
kind of correlation, the one by Gross and 
Amster 5 is of special interest because of the 
uniquely appropriate way in which 

decomposition data for the explosives wGic 
obtained. Most decomposition kinetics studies 


TABLE V2 1 INITIATION OF EXPLOSION OF PETN IN THE PRESENCE OF GRIT 


Grit 

Hardness , 
Moh scale 

Melting Pt. t 
°C 

Friction Explosion 
Efficiency , % 

Impact Explosion 
Efficiency , % 

NiT(pure PETN) 

2 

141 

0 

2 

AgNOg 

2-3 

210 

0 

3 

kno 3 

2-3 

334 

0 

0 

K 2 Cr 2 0 ? 

2-3 

398 

0 

0 

AgBr 

2-3 

434 

50 

6 

Agl 

2-3 

550 

100 

- 

Glass 

7 

800 

100 

100 

Galena 

2-3 

1114 

100 

60 
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on explosives have used the evolution of gas 
(build-up of pressure) to follow the course of 
reaction. Chemical analysis of the gas and 
identification of the decomposition products 
permit one to calculate the heat of reaction, and 
thus to infer the rate of heat release from the 
measured reaction rate. Measurements over a 
range of temperature give the activation energy 
(cf. Fig. 4-2); with this and the absolute rate 
determination, the frequency factor Z is 
calculated (Eq. 4-5). There are several reasons 
why information derived in this somewhat 
roundabout manner may lead to erroneous 
results when applied to self-heating calculations. 
In the method employed by Grossvand Amster 6 , 
however, heat release rates are inferred directly 
from experiments involving self-heating under 
adiabatic conditions. The method is outlined in 
the paragraphs which follow. 

If no heat escapes from a body of explosive 
that is decomposing according to a first order 
law, the temperature rises according to the 
differential equation 
dT qZ 

-7T = — exp (- Ef(RT)] (12-6) 
dt c 

where c and q are the specific heat and heat of 
decomposition per gram, respectively. The 
equation strictly applies only to instantaneous 
conditions at the start of the reaction 
but-provided the decomposition does not 
proceed very far during an experiment, i.e., 
approximately zero-order reaction— the equation 
can be applied to the behavior of a body of 
explosive dial is decomposing over a period of 
time under adiabatic conditions. Therefore, if 
the T vs t curve is measured at several points in 
such an experiment, one should find thatfrz 
( dT/dt ) plotted against 1/T is a straight line. 

The experiments of Gross and Amster were 
carried out in a special furnace designed to 
supply heat automatically to a vessel enclosing 
an explosive sample, the heat being supplied at 
such a rate as to maintain the vessel at all times 
virtually at the same temperature as the 
self-heating sample, thus preventing any 
exchange of heat with the surroundings. The 
sample was initially in the form of a solid right 
cylinder 2 in. X 2 in., and was contained in a 
stainless steel cup. The sample was heated slowly 
under manual control to a temperature at which 
self-heating became noticeable; then the device 


was switched to automatic control which 
maintained the adiabatic condition. In some 
cases, c.g., with TNT, the explosive was in the 
liquid state during the self-heating stage of the 
experiment; in others, e.g., RDX, the melting 
point was not reached. Thus, in the 
extrapolation of some of Gross and Amster’f 
data to higher temperature, a change from solid 
to liquid is involved which has an unknown 
effect on the reaction kinetics. Two figures 
showing the adiabatic self-heating data for 
several explosive materials are reproduced in Fig. 
12-6(A) and 12-6(B). The data points in Fig. 
12-6 generally fall on a straight line as predicted 
by Eq. 12-6. From the slope of the line the 
activation energy E was calculated. The specific 
heat was measured in independent experiments;, 
thus the quantity qZ was obtained from the 
data. The values computed for these derived 
quantities are given in Table 12-2. (The value of 
qZ for Propellant 0, given in Ref. 3 appears to 
be in error; this has been corrected in Table 
12-2.) Gross and Amster have also included 
some conventional kinetic measurements in the 
table for comparison. 

For Explosive Q two values of E are given in 
Table 12-2 ilong with corresponding values of 
qZ , the: m Jx value of E being the one used by 
Gross an"a\ninster. The data points for Explosive 
Q in Fig. 12-6(A) show an abrupt change of 
slope in the dT/dt vs 1/T curve near the high 
temperature end. However, the authors used the 
points at low temperatures as a basis for 
evaluating E. Since the value of E is to be used 
in extrapolating the. behavior to higher 
temperatures than those at which experimental 
data were obtained, it seems more appropriate 
to choose the points at high temperatures as the 
basis. The values given in parentheses in Table 
12-2 are, therefore, based on a line of lower 
slope, as drawn through the high temperature 
points for the Explosive Q in Fig. 12-6(A). 

With the adiabatic furnace data of Gross and 
Amster as a basis, the critical explosion 
temperatures for hot spots in the various 
explosives have been calculated from Eq. 12*5. 
These are given in Table 12-3, based on tl«ee 
values for the hot-spot radius— 1 O' 3 , 10' 2 , and 
10* x cm. Similar calculations based on the 
conventional kinetic data of Table 12-2 are also 
given. The two different types of data give 
generally consistent results. (An average value, 
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Figure 12-6. Explosive Decomposition Data From the Adiabatic Furnace 3 


10' s cm 2 /sec, was used for the thermal 
diffurivity a for all the calculations in Table 
I2 3<) 

In order to select from Table 12-2 a set of 
temperatures for correlation with sensitivity test 
data, a choice has to be made of some 
“standard” hot-spot size on which to base the 
comparison. Although this choice is in a degree 
arbitrary, there is reason to believe that a radius 
of about 10’ 3 cm (IQ/0 is fairly representative 
for hot spots produced in impact experiments. 
One line of evidence comes from data such as 
those in Table 12-1 which show that the critical 
hot-spot temperatures for relatively sensitive 
explosives like PETN ar J RDX lie in the region 
of 400° C (670 ft K). To judge from the 
temperatures listed in Table 12-3, this would 
indicate that the hot-spot radius is in uie 
neighborhood of 1G’ ? cm, or perhaps somewhat 
less. 

Another argument for this choice of hot spot 
size may be based on the induction time 
measurement*} of Rideal and Robertson 4, in 
their experiments the interval was measured 
between the instant of impact of the drop 
weight and the time when the explosion was 
recorded by a microphone placed as close as 
possible to the edge of the sample. In various 


ways the authors demonstrated that this time 
interval was mainly due to an induction or lag 
period, and not to the time required for 
explosion to propagate through the explosive. 
(Indeed, in some of their experiments the 
explosion probably started on the edge of the 
sample near the microphone but in no 
case-al though there H the usual random scatter 
in the data~did they ever jtind?a delay time less 
than about ISOpsec.) The average time interval 
increased as the energy of the impact (height of 
fall) was reduced toward the critical level 
required for ignition. The induction period 
measured by Rideal and Robertson for PETN, 
RDX, and tetryl. was found to He in the range 
from 200 to 5Q0,vtec when the drop height was 
near the critical value, According to the theory 
of thermal explosions, the critical induction, 
period is of the order of 0.1 a z /cc (cf. Eq, 
10-36). Thus with a » 10’ 3 cm and with a * 10* 3 
cm 2 /sec the induction period should be of the 
order of X00 psec; but if a were IQ* 2 cm, for 
example, it would be of the order of 10,000 
psec. This points to 10p as the conect 
magnitude (see Table 10-4). 

An empirical correlation of hot-spot explosion, 
temperature in °C and wi'vh the logarithm of the 
50 percent drop height (cm) is shown in Pig. 
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TABLE 12-2 KINETIC PROPERTIES OF EXPLOSIVE MATERIALS 
FROM ADIABATIC SELF-HEATING EXPERIMENTS 


Adiabatic Furnace Data iConuentional Kinetic Data 

Temp , Range Activation Temp. Range Activation 


Explotive* 

and State, 
°Cf 

Energy E, 
:kcal/mo 1 

qZ, 

?aJ/sec-g 

and State, 
°Cf 

Energy E, 
k cal /mol 

<lZ, 

cal/sec-g 

TNT 

220-260; L 

37 

5 X 10 13 

275-310; L 

34 

1 x to 14 





238-277; L 

43 

5 X 10 14 

RDX 

170-200; S 

57 

2 X 10 34 

213-299; I, 

48 

3 X 10? 1 

Comp.B 

155-180; L 

44 

6 X 10 1 * 




DINA 

130-175; L 

36 

2 X 10 ls 

166-189; L 

50 

5 X 10 33 

Q 

250-270; S 

66 

4 X 10 3 ? 






(39) 

(7 X 10 vi ) 




AP 

205-270; S 

41 

1 X 10 1 ® 

215-240; S 

28 






240-270; S 

19 


Prop. A 

100-170; S 

39 

4 X 16 1 * 




Prop. B 

190-242; S 

49 

9 X to 1 * 




Prop. C 

165-235; S 

29 

1 X10 13 





* Comp. B (or Cyclotol) is RD/X/TNT, 60/40. 

DINA is diethylnitramine dmitrate. 

Explosive ^ is a high-melting CHNO explosive. 

Propellant A is a double-base (mtroctfllulose-nitrogiycerin-type) 
propellant. 

Propellant B is a compo/jite propellant containing ammonium perchlorate 
(AP), aluminum, and, polyvinyl chloride. 

Propellant C is a composite containing AP, aluminum, and polyurethane. 
| h * Liquid 
S“ Solid 
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TABLE 12*3 HOT-SPOT EXPLOSION TEMPERATURES CALCULATED 
ON BASIS OF DATA IN TABLE 12-2 


Critical Explosion Temperature 
Adiabatic Furnace Data Conventional Kinetic Data 


Explosive 

a = 10‘ 3 cma* 10* 

"cm a* lO^cm 

a - 10‘ 3 

cm a * 10* 2 

cm a * 10"* cm 

TNT 

900 

710 

590 

780 

640 

540 





930 

770 

65C 

RDX 

610 

550 

510 

600 

530 

490 

Comp. B 

660 

580 

510 




DINA 

650 

560 

480 

550 

500 

460 

Q 

740 

670 

610 





(1050) 

(830) 

(690) 




AP 

770 

660 

570 




Prop. A 

590 

520 

460 




Prop. B 

670 

600 

530 




Prop. C 

750 

600 

500 





12-7. The explosion temperatures (converted to 
°C) are taken from the first column of Table 
12-3 (for a s 10' 3 cm), and the sensitivity data 
from the paper of Gross and Amster, (The 
explosion temperature used for Explosive Q in 
locating the point in Fig. 12-7 is that given in 
parentheses in Table 12-3, i.e. f the figure 
predicted on the lower value of E in Table 12-2.) 
It is evident from the data points that the 
hotspot temperature increases with increasing 
impact insensitivity or decreasing sensitivity. 
The overall correlation (represented by the 
heavy line in Fig. 12-7) is apparently improved 
when the data are grouped into the two 
“families" of points joined t)y the dashed lines 
in Fig, 12-7. One of these families consists of 
TNT, RDX, and the mixture of these, Comp. B; 
the other, of ammonium perchlorate (AP) and 
the two composite propellants based on it (B 
and C). While these results are consistent with a 
thermal explosion theory of initiation, it should 
be pointed out that other factors— e.g., 
endothermic surface rate processes-may be 
involved in determining impact sensitivity. 


12-4 TRANSITION OF DEFLAGRATION TO 
DETONATION 

in deflagration or simple burning, as 
exemplified in ordinary flames and solid 
propellants, fresh material is caused to react as a 
result of heat transfer from the flame zone and 
diffusion o( matter back and forth between 
intact and burning regions. In detonation, on the 
other hand, reaction is initiated in successive 
layers by the advance of a shock wave, and 
transfer processes play little if any part. 
Compared on the basis of either mass reaction 
rate or propagation velocity, detonation is 
10 3 -10 4 times as fast as deflagration. The 
change from the deflagration regime to the 
detonation regime, when it occurs, is almost 
always extremely sudden and unpredictable (or 
nonreproducible). For this reason the 
phenomenon has been difficult to study 
experimentally, and little understands* , of it has 
been obtained until quite recently. 

Detonation almost invariably starts at some 
distance ahead of the burning front. The 
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detonation wave moves forward from the point 
of initiation, and a “retonation” wave is 
sometimes observed to travel back into the 
undecomposed material between that point and 
the flame front. The explanation of this 
behavior seems quite straightforward: (1) a 
compression wave builds up, emanating from the 
deflagration zone, (2) the rise in pressure 
accelerates the decomposition and the pressure, 
therefore, increases exponentially, and (3) the 
compression front changes into a shock; when 
this reaches critical strength, it initiate reaction 
at hot spots and quickly develops to detonation. 

Initiation of detonation after a strong shock 
front forms follows the mechanisms described in 
Chapter 11. The new phenomenon here is the 
development of a compression wave from a 
deflagration zone. The treatment of this subject 
is drawn mainly from the papers of Macek and 
his coworkers 10 ' 13 . 

According to this mechanism, the transition 
will not occur unless the explosive is confined 
because a shock pressure of the order of several 
kilobars is required to initiate detonation. This 
fact is well known in practice. For example, a 
common method of disposing of high explosives 
without producing detonation is simply to bum 
them in the open. On the other hand, 
heavy-cased explosive projectiles and bombs 
often detonate when involved in fire. The 
strength and weight of confinement needed to 
cause deflagration to change to detonation 
depends on several properties of the explosive: 
state of aggregation, bulk density, burning rate 
(in deflagration), and shock sensitivity. It also 
depends on the size of the charge. A large mass 
of finely powdered, granular explosive requires 
little if any confinement because of the large 
burning surface available arid the ease with 
which deflagration can spread from grain to 
grain. If such a mass of explosive is ignited in the 
middle, it may detonate with only the 
self-confinement provided by the inertia of the 
outer layers. A cast or plastic-bonded explosive, 
on the other hand, is much less prone to 
detonate when ignited and may require very 
heavy confinement. Both the strength and 
inertia of the walls confining an explosive charge 
are important because the pressure development 
is slow in the early stages; when the walls burst 
and relieve the internal pressure, the transition 
to detonation may be stopped. On the other 


hand, since the final pressures produced during 
the transition are much higher than any vessel 
can withstand without bursting, rupture will 
usually occur before detonation starts; at this 
stage, the inertia of the walls is the factor that 
limits the rate of the expansion. The quantity of 
explosive is also important, both because of the 
effect of the mass in self-confinement and 
because of the time and distance available for 
compression waves to build up. Some materials, 
such as primary explosives, have such a high 
intrinsic burning rate and high sensitivity to 
shock initiation that the transition occur 0 even 
with small quantities and very little 
confinement. The effect of these various factors 
may be inferred from the discussion which 
follows of experimental studies on this problem. 

The deflagration to detonation transition 
experiments of Macek and coworkers 10 at the 
Naval Ordnance Laboratory were performed 
with cast explosives, namely: DINA, Pentolite 
(PETN/TNT), and TNT. The first two explosives 
detonated readily in these experiments but, 
under the same conditions, TNT did not. This 
illustrates the combined effect of burning rate 
and sensitivity since TNT is notably more 
sluggish than the other two. (See, for example, 
the positions of TNT and DINA on the 
sensitivity curve in Fig. 12-7.) The explosives 
were confined in a heavy-walled steel tube, as 
shown in Fig. 12-8. They were ignited by an 
electrically-heated nichrome wire, retained by a 
threaded plug at one end of the cylinder. The 
pressure produced in the deflagrating zone was 
measured by a strain gage on the outside of the 
steel tube, as shown in Fig. 12-8. Several 
ionization probes (Chapter 5) were used to 
detect the detonation wave and locate the 
approximate point at which detonation was 
established. The description of results in the 
paragraphs which follow refers to experiments 
with DINA. Quite similar results were obtained 
with Pentolite. 

Although the pressure build-up in the 
deflagration zone was not identical from one 
experiment to the next— presumably, because of 
random variations in minute details of the 
ignition process— the general form was always 
approximately exponential 

P = P 0 exp [kt] (12-7) 
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the time constant k having a value in the range 
0.10-0.12 jusec* 1 . The point of origin of the 
detonation wave was variable but usually was 
located a distance of 10-15 cm from the igniter. 
Pressures of several kilobars magnitude were 
recorded by the strain gage; higher pressures 
were undoubtedly reached after the strain wire 
broke. The bursting strength of the tube was in 
the neighborhood of 5-10 kbar but inertial 
confinement allowed the pressure in the 
deflagration zone to reach higher values. This 
can be appreciated from the calculations which 
follow of the expansion that would occur in the 
tube if only inertial forces were involved, i.e., 
under the assumption of zero strength. As a 
basis for the calculations we take from Ref. 10 a 
typical pressure-time relation recorded by the 
strain gage, p ~ 0.08 exp [0.1 t] where p is 
measured in kbars and t in psec. The strain gage 
registered pressures in some cases as high as 10 
kbar. Under the assumption that this 
relationship continues to apply as the pressure 
rises bevond this point, the following figures 
shr>w the pressure and percent expansion of the 
tube at various times: 


Time, /isec: 

30 

40 

50 

60 

70 

Pressure, kbar: 

1.6 

4.5 

12 

33 

90 

Expansion, %: 

4 

10 

29 

86 

266 


On the basis of these calculations, one may guess 
that the pressure will actually rise to a maximum 
in tiie neighborhood of, perhaps, 30-40 kbar. 
Such a shock wave pressure should easily 
produce detonation in cast explosives like DINA 
and Pentolite. Although direct measurements are 
not available. Jacobs, Liddiard and Drimmer 1 4 
report a pressure of 20 kbar as the threshold 
shock strength needed to initiate Composition 
B-3, a less sensitive explosive than DINA. These 
calculations, therefore, show that the proposed 
explanation of the transition is quite reasonable. 
More convincing evidence is obtained by the 
analysis which follows of the build-up of the 
compression wave, based on a calculation of 
characteristics (Chapter 2). This analysis is also 
due to Macek 1 0 . 

In the analysis, the pressure produced at the 
deflagration surface is considered to act as a 
piston which creates motion at that surface and 
produces a compression wave traveling ahead 
into the explosive. The generating pressure at 


the deflagration surface is assumed to be given, 
for a certain period of time at least, by an 
extrapolation of the pressure-time function 
indicated by the strain gage (Eq. 12-7). The 
diagram of positive (C + ) characteristics is shown 
in Fig. 12-9 and, based on this, the compression 
wave development is represented in Fig. 12-10. 
For the purpose of this figure, it is assumed that 
the pressure-time function is unaffected by 
expansion of the tube until the pressure reaches 
about 30 kbar. Beyond that, it is assumed that 
the pressure levels off and eventually begins to 
fall. The lower part of the pressure curve, on the 
assumption that the deflagration pressure is 
known, is indicated by sqlid lines; the upper 
part, based only on conjecture, by broken lines. 
The position of the deflagration boundary-4. e. 
the “piston”— is indicated by the vertical line 
terminating the pressure curve on the left. (This 
line is not meant to indicate that the pressure 
drops to zero at this point.) The shaded areas in 
Fig. 12-10, therefore, represent at various times 
the pressure in that portion of the intact 
explosive affected by the compression wave. 

Fig. 12-10 shows the expected steepening of 
the compression wave front, the high pressure 
portion of which develops into a shock at a 
distance of about 12-14 cm from the igniter and 
at a time about 90-100 jusec after ignition, (see 
Fig. 12-9). This result comports quite well with 
the experimental findings. Other calculations 
reported by Macek, based on pressure-time 
curves from several different experiments, giye 
similar results. 

The basis for these characteristics calculations, 
as outlined by Macek, follows. The equation of 
state of the solid- explosive under adiabatic 
restraint is assumed to have the form 

P = aKPlPof ~ 1] ( 12 - 8 ) 

where a is a constant with dimensions of 
pressure. This is a modification of the Tait 
equation. The constant a is evaluated from the 
value of the sound velocity c 0 in the explosive, 
the sound velocity c being given in general by 


c = y/(dp/dp). 



“ c„(P/P „) 
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Figure 12-10. Development of Compression Wave From Deflagration as Transposed From 
the Characteristics Diagram in Fig. 12-9 (The left boundary of the shaded area 
represents the position of the deflagration surface.) 
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The Riemann quantity a, defined by 

a =j ( c/p)dp (12-10) 

is thus readily shown to be given by 

o * c - c a (12-11) 


if the lower limit of integration in Eq. 12-10 is 
taken to be p 0 . Since the C_ characteristics 
originate on the x * 0 axis— where the particle 
velocity u equals zero and where a * 0 also, and 
since on any C_ characteristic u - a is constant-it 
follows that u * a everywhere, i.e., 
u * c - c 0 


* U(P/Po) " 1] 


( 12 - 12 ) 


The calculation of the characteristics diagram 
proceeds as follows. Eq. 12-7, in which the 
constants p ^ and k have been experimentally 
evaluated, gives the relationship of pressure to 
time at the deflagration boundary. Combination 
of Eq. 12-7 and Eq. 12-8 then gives the 
p,t-relationship at the boundary. Evaluation of 
the integral udt , using Eq. 12-i2, then 

describes the motion of this boundary. Each 
point on the boundary terminates a C+ 


characteristic oh vhich the state properties p,p 
and c, and the velocity u are constant. The 
terminal values of these quantities at the 
boundary can be evaluated through Eqs. 12-7, 
12-8, 12-9, and 12-12, and since the slope of the 
C + characteristic is given by u + c, which is 
constant, the C+ lines can be plotted and the 
properties determined everywhere to the right of 
the boundary in the x, t-domain. The analysis 
can be extended along any characteristic' C?+ line 
only to he point where it crosses another C + 
lin A . whic.'i is interpreted: to be the point at 
which t e iiow becomes discontinuous, i.e., the 
point av which a shock develops. The 
pressure-distance curves, in Fig. 12-10 are recd'Jy 
obtained by transposing from Fig. 12-9, where 
the characteristics are labeled according to the 
pressure. 

Macek 10 also shows that the observed 
exponential rise in pressure agrees quite well 
with the behavior of a model based oh 
“cigarette-type” burning at the deflagration 
boundary (with constant burning area), 
perfectly rigid cylindricid walls, and a pressure 
exponent unify in the erosive burning law (cf. 
Eq. 11-3). This demonstration completes the 
rationalization of the observed behavior in these 
experiments. 
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CHAPTER 13 SHOCK WAVES FROM EXPLOSIVE CHARGES 


13-1 INTRODUCTION 

Spherically-symmetric blast waves resulting 
from explosions in air, water, and solid media 
are considered in this chapter. Explosions in air 
and water are dealt with in detail; references to 
blast waves in solid media are given. 

Compared to the dura* 1 on of its after-effects 
in air the decomposition of an explosive charge 
by a detonation is very rapidly completed. If the 
detonation process is considered to occupy one 
unit of time, for example, the shock wave in air 
is capable of inflicting serious damage to 
structures at points some 200 charge radii 
distant from the center and at times in the order 
of 3500 of these time units later. For some 
purposes, therefore, the detonation process can 
be considered instantaneous. In cases involving 
dense media, however, the detonation time may 
be of the order of the damage times in the 
media. 

Passage of the detonation wave leaves the 
explosive product gases at an extremely high 
pressure and in a state of motion. However, 
neither the pressure nor the particle velocity is 
uniform throughout the volume of the explosive 
gases. The simplest geometry results if the 
charge is spherical: and initiated at the center so 
that the detonation wave reaches the boundaries 
of the charge everywhere at the same instant. In 
this case, the velocity of outward motion of the 
explosion products is the highest at the 
boundary and decreases toward the center, at 
which point material must remain motionless. 
Pressure and density are also at a maximum at 
the boundary, and at a minimum at the center. 
For any geometry of a finite, three-dimensional 
charge other than the centrally initiated sphere, 
interaction with the external medium begins 
before detonation is everywhere complete 
within the charge, giving rise to a much more 
complex flow cf the explosion products. 

As the explosion products begin to expand, 
the pressure at the interface separating them 
from the exterior medium falls rapidly. An 
intense pressure wave is propagated outward in 
the exterior medium and an outward flow of the 
medium results. In Chapter 2, it was mentioned 
that a compression wave of finite amplitude 


always propagates as a shock wave at a velocity 
that is greater than the velocity of sound in the 
undisturbed medium and which depends upon, 
the amplitude of the wave; The shock is 
characterized by a very rapid increase in pressure 
that may— as a very good approximation'-be 
considered instantaneous, so that the leading 
edge of the shock wave can be regarded a 
mathematical discontinuity. The shock wave in. 
air generated by an explosive charge is often 
called the blast wave. The initial shock front 
pressure of the shock wave generated in air at 
atmospheric pressure by conventional explosives 
is of the order of 10 3 atm. In water the initiad 
shock front pressure is of the order of 10 4 atm, 
and in metals is of the order cf 10® atm. The 
shock front pressure is often called the peak 
pressure. 

As the shock wave propagates away from the 
generating explosive charge, its peak pressure 
decreases. *jie shock wave decay can be 
attributed to two causes. If the shock wave is 
not planar, the decay is due to geometrical 
divergence. Also, because of the finite entropy 
increment across tire shock front, the decay is 
due to progressive dissipation of energy in the 
shocked air in accord with the requirement r i* 
the second law of thermodynamics. The decay 
of shock waves because of the dissipation of 
energy leads to a decay more rapid than would' 
be expected from geometrical considerations 
alone. 

For the purpose of discussion, we may 
consider a cylindrical charge of explosive in air, 
initiated at one end. The development of the 
shock wave in the surrounding medium is shown 
qualitatively in Fig. 13-1, for three times after 
the instant of initiation. As the detonation wave 
progresses down the charge, the laterally 
expanding products generate a shock wave that 
has cylindrical symmetry For definiteness, 
suppose that the origin of cylindrical 
coordinates is fixed at the point of initiation 
with the detonation wave moving in the positive 
direction of the axial coordinate. Then the 
profile of the shock wave at any instant and the 
flow behind the shock front depend only on the 
axial and radial coordinates relative to this fixed 
origin and are determined by the hydrodynamic 
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equations for cylindrically symmetric flow. At 
points in space with positive axial coordinates 
greater than about one dr two charge radii and 
less than the, length of the charge, the shock 
wave is, to a good approximation, the same as 
would be generated by an infinitely long 
explosive charge. At smaller positive values of 
the axial coordinate and all negative values-, the 
flow is more complicated because of end effects 
connected with the finite length of the charge. 
When the detonation wave reaches the end of 
the charge, a shock wave is generated off the end 
which is connected discor.tinuously with the 
shock wave that has been propagating laterally. 
Although the shock wave profile and the flow 
hehind the shock front retain cylindrical 
symmetry, the flow becomes very complicated 
after the detonation wave has progressed 
through the charge and it has hot been analyzed 
in detail. 



Figure 13^1, Development of Shock Wave 
About Cylindrical Exploits 
Charge Initiated at One End 

13 ’? 


As the ock wave continues to propagate, the 
effects of charge geometry afid of the initiating , 
detonation wave become progressively less 
important in comparison with the effects of 
radial divergence. The shock wave profile 
becomes progressively more spherical. At 
distances that are several times the largest linear 
dimension of the charge, the shock wave can be 
considered spherical to a good degree of 
approximation. The approximation is the better 
the more nearly the ratio of charge length to 
charge diameter is unity. At such distance, a 
model that is amenable to theoretical analysis is 
obtained by consideration of a spherical charge 
of explosive of the same weight as the charge of 
inter in which the detonation wave is 
initiate at the center. The shock wave profile 
from such a charge is spherical and the flow 
behind the shock front depends only on the 
time and the radial coordinate of a spherical 
coordinate } 

Further simplifications may be justified for 
the sake of theoretical simplicity. One further 
step in this direction is to consider the globe of 
explosion gf^« formed by detonation of a 
spherical change to be uniform in pressure and 
density, and at a stavo of rest. This is the result 
of hypothetical, homogeneous, instantaneous 
constant-volume explosion. 

Asymptotically, .at distances that are large 
compared to die radius of the equivalent sphere 
of explosive,, an even simpler model is obtained 
by considering a point source in which the 
energy of explosion of the charge of interest is 
instantaneously released. 

In this chapter, we shall restrict-the discussion 
to shock waves in one-dimension with radial 
symmetry, i.e., those from a spherically 
symmetric explosion. This is not only the case 
that has been **udied in greatest detail but also 
the case that provides a simple model that is 
approximately descriptive of actual explosive 
charges, We shall further limit the discussion to 
the shock wave in an infinite isotropic medhim, 
regarding as outside of the scope of this 
handbook such topics as shock wave reflection 
at rigid or free surfaces and shock wave 
interactions with structures of various types. A 
nonsuperficiai treatment of these topics cannot 
be undertaken in a chapter of reasonable length. 
Each treatment require a knowledge of the 
parameters of the incident wave and it is with 
these parameters that this chapter is concerned. 
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13-2 EXPANSION OF THE EXPLOSION 
PRODUCTS 

Given a spherical globe of ga3 at an extremel} 
high pressure, there follows immediately as \t 
begins to expand the establishment of a shook 
front running outward into tne medium and a 
rarefaction moving in toward the center of the 
sphere. There is a boundary requirement that 
the particle velocity normal to the surface and 
pressure be continuous across the contact 
surface between the explosion product gases and 
the external medium. The flow is somewhat 
similar to that occurring in a shock tube. 
However, the spherical divergence of the flow 
introduces complications for a theoretical 
treatment that are not encountered in the plane 
case. The pressure at the shock front, instead of 
being constant as in the shock tube, Tails rapidly 
as the front moves out. This changes the 
terminal condition for the rarefaction. The 
characteristics of the solution of the partial 
differential equations are not straight lines; 
neither are the integrals of the motion along 
these characteristic lines simple functions as in 
the plane case. For a considerable period of time 
after the expansion begirt therefore, the 
temporal changes in pressure, density, and 
particle velocity occurring at any point depend 
on the configuration of the entire flow field 
from the center out to the shock front. A 
complex numerical integration is required to 
obtain an accurate description of the motion. 

To make certain order-of-magnitude 
assessments, one may simplify the actual process 
and consider that the explosive gas globe 
expands uniformly, the boundary coming to rest 
at a radius r m when the pressure within the 
globe h&i dropped to the ambient pressure of 
the medium p o . Acutally, the distance moved by 
the boundary and the velocity of its motion 
depend on the original size of the gas globe, thi 
conditions and properties of the gases inside it, 
and on the properties of the external medium. 
Motion within the globe is not uniform; when 
ihe boundary first comes to rest, there are still 
pressure, density, and motion gradients within 


the sphere. However, if the expansion is 
considered to be quasi-static and isentropic, and 
the explosive products are treated as a 
polytropic gas, the final volume will be 
related to the initial volume V € . by the relation 

i/?c 

v m - V'injpj <'i3-D 


where k is the average or effective value of the 
adiabetic exponent k during the expulsion 
process. (In fact, the gas globe does not remain 
isentropic because of the inward-facing shock as 
described in the discussion which follows.) If the 
total expansion energy available in the gas globe, 
which for a polytropic gas would be equal to 
P t VJ( k - 1), is equated to the energy pf the 
explosion J£ # , one obtains from Eq. 13*1 an 
approximate expression for the rpiximum 
expansion radius r m of the gas globe in tepus of 
a characteristic length ^ /p o ) l /5 as follows: 




3(k - l) (A \ (*-»)/£ 

4 * W 


(13-2) 


The expression on the right side of Eq. 13-2 is 
not very sensitive to the value assumed for E; 
and, if p o and p 9 are given values of 1 atm and 
10 5 atm, respectively, and E a value of 1.4 (its 
value for an ideal gas) y r w in terms of the unit 
(E 0 /p 0 )V**f»urnes a value cf about 0.15. 

The velocity of the contact surface in the 
expansion of the gts globe depends on the 
properties of the explosion gases and the 
properties of the medium. For an explosion in 
air where the resistance to expansion is relatively 
small, the initial motion will approach the 
velocity u for escape into a vacuum, given 
approximately by the equation 



where c # is the initial acoustic velocity in the gas 
globe and #c t the adiabatic exponent at the 
constant volume explosion state. For explosives, 
c t is equal approximately to 0.8 times the 
detonation velocity D, and the effective value of 
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K g is about three*. By equating the average value 
of the boundary velocity during the expansion 
to one-half the initial velocity, one obtains, to 
an order of magnitude, the time t required for 
the gas globe to deliver substantially all of its 
energy to the pressure wave 


t 


m 


, Q-4 (W 1/a 

0.4D ~ D 


( 13 - 4 ) 


Putting this time in terms of units 
(£ jf /p 6 ) 1/3 /c o , where c q is the acoustic velocity 
in the medium, one obtains 


L c 


0.4 c 


(EJPJ 


T/3 


( 13 - 5 ) 


Substituting the value of c 0 for air and a 
typical value for P of a high explosive, one 
obtains for r m the approximate value 0.025. On 
the other hand, in terms of the same 
dimensionless units, the total time of interest for 
the air blast wave at sea level—i.e., the time 
in which it is able to inflict serious damage on 
structuresHs of order unity. 

The main interest in the air blast wave at sea 
level is, therefore, in tire period after the 
explosive has passed on essentially all the 
available energy to the blast wave, The 
hydrodynamic laws governing the wave 
propagation are such that the influence of 
details in the process by which f he wave was 
formed tends to diminish with the passage of 
time. This explains why the point-energy release 
model gives a fairly good description of the air 
blast from explosions at sea level. 


•> The appropriate value of JC # to be used in Eq, 13-3 it 
different in principle from the value of K that is 
appropriate to Eq, 13-2. By use of Eq. 13-3, we wish 
to estimate the initial flow velocity which is a 
characteristic of the initial state of the gas; whereas 
by Eq. 13*2 we want to calculate the final expansion 
volume which depends in large degree on the 
properties of the ga* at low pressure. The work of 
Deal 1 and that of Fickett and Wood 2 shows that in 
isentropic expansion from the detonation state, 
where the pressure is in the order of 10 & atm, down 
to a pressure cf about IQ 3 atm the explosive products 
behave nearly as a polytropic gas with a K*value of 
3.0., At much lower pressures— below, e.g. t 100 
atm— the gases assume more normal properties and 
the effective K become-, something less than 1.4. It is 
whet the gases are at a relatively low pressure level, 
of course, that they undergo the greater part of the 
Increase m volume. 


It is of interest to examine the effect of 
altitude (lower ambient pressures) in/the light of 
this analysis. To do this it is first necessary to 
consider briefly the potential of an explosion to 
inflict damage on a target at a distance. For 
some targets, such as window glass, the energy 
involved in the destruction is small. For these, it 
is the level of overpressure in the blast wave that 
mainly determines whether or not destruction of 
the target occult. However, for most structures 
substantial amounts of energy are required to 
cause the displacements and deformations that 
constitute damage. For such typical targets the 
total energy flux per unit area of the blast wave 
provides in first order approximation a criterion 
for the damaging effectiveness. On this basis one 
can conclude that, for a given target and a given 
explosive source with energy E 0i there must be 
some absolute limiting distance r t where the 
quantity E € /(4 t urJ) is just sufficient to inflict 
critical damage**. This absolute distance limit 
is independent of the nature of the medium 
intervening between the explosion and the 
target. 

It is apparent from Eq. 13-2 that when the 
ambient pressure p Q is reduced, the maximum 
radius reached by the expanding gas cloud 
increases. In the limit of perfect vacuum, of 
course, the expansion continues indefinitely. 
Consideration of the blast effects of explosives 
at various aPtudes, therefore, shows that 
although the details of the expansion process 
play a relatively minor role at sea Zevel, they 
become increasingly important at lower ambient 
pressures aiy$, in vacuum, constitute the entire 
phenomenon. 

For an explosive fired under water, the 
expansion of the gas globe assumes a key role in 
the development of the shock wave. Nothing 
analogous to the point-energy release model 
seems to be possible for this case. Because of the 
relative incompressibility of water, the sound 
velocity is much higher and the flow velocities 
smaller for water than for air. The motion of the 
gas-water interface is very slow relative to the 
outward movement of the shock wave, For 
many ap plicatio ns the strength of the 


**The energy criterion of damage effectiveness is 
necessary but obviously not sufficient, Therefore, T t is 
an upper limit to the radius of damage effect. The 
actual radius nwy be considerably smaller and will 
depend on what pressure or Impulse levels may be 
required to perform the destructive effects. 
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underwater shock wave deca„ s below a level of 
interest before the gas bubble reaches its 
maximum extension. The theoretical treatment 
of underwater explosions depends, therefore, 
critically on the behavior of the gas globe as well 
as on the propagation of the shock wave in 
water. 

The interaction of detonation products with 
solid materials will be discussed in more detail in 
subsequent paragraphs. 

13-3 ENERGY TRANSPORT BY SHOCK 
WAVE PROPAGATION 

The foregoing considerations show that the 
problem, of air blast from high explosives fired at 
sea level and up to certain altitudes can be 
considered largely as the problem of shock wave 
propagation. input energy from the 

explosion detc lines the scale of the 
phenomenon. The shock wave provides a 
mechanism for the outward transmission and 
dissipation of this energy (in the sense of the 
second law of thermodynamics). The shock 
wave plays ^ similar role for explosives fired 
under water or underground. Other mechanisms 
are heat conduction and radiation. These various 
means for the diffusion of energy do not 
interact to 2 n appreciable extent for the 
chemical high explosives. For nuclear explosives, 
however, the three mechanisms do interact 
importantly for a short period in the beginning, 
after which shock wave transmissior becomes 
dominant. 

It is of interest to consider what information 
thermodynamics can yield about the transfer of 
energy via the shock wave. Designating the rate 
at which mechanical work is performed per unit 
area at the shock front when it has reached a 
radius R as w(R) f we note that* 


where p l and are the pressure and particle 
velocity, respectively, immediately behind the 
front. This work serves to raise the internal 
energy of, and impart kinetic energy to, the 
adjacent layer in the medium which is being 
enveloped by the shock front, i.e., 


* The notation “subscript one” denote* values at or 
immediately behind the shock front. 


MR) = P Q O(R) [(«, - e„) + Uj/2] (13-7) 

where U(R) is the velocity of the shock wave at 
R , and e t and c q the specific energy, 
immediately behind and in front of the shock, 
respectively. (We assume the medium is initially 
at rest, i.e., u q ~ 0.) 

Par* of the energy change represented by (e 1 - 
e o ) is irreversible in the sense that, after shock 
wave compression, subsequent expansion of the 
medium back to ambient pressure p o does not 
yield an amount of work equivalent to (e x -e o ), 
but a' quantity which is less by an amount which 
we will designate Ae^/r^]. This notation 
signifies Ae to be the “irreversible” increment of 
energy connected with the entropy rise in the 
shock and s 1 (r o ) denotes that this particular 
entropy state is associated with the element of 
the medium (originally) at the Lagrangian 
coordinate r o . Quantitatively, Ae[# 1 ( r o )] is given 
by 

to)] 55 e(Po>*i) - e(p 0 ,s 0 ) (13-8) 

The significance of this “retained” energy is 
illustrated graphically in Fig. 13-2. 

If no other shock waves or irreversible 
processes occur behind the initial shock front, 
Ae[» lM represents the ultimate legacy of the 
explosion to this element of the medium. Thus, 
the total energy released by the explosive in 
going from the initial state to the final state of 
the explosion products at, p o can be equated to 
the total of such residual energy in the medium 
plus the net work done by expansion of the 
explosion products and the shock-heated 
medium 

*• 

W E p(Po) = f 4,rr o P<,te[s v (r 0 )]dr 0 


’•PotW- + 

P 0 f 4vrl p 0 |u[p 0 ,s l (r 0 )] 
a. ( 


where EJp o ) and E p ( p o ) are the total energy of 
the intact explosive and the explosive products 


AMCP 706-180 


at pressure p o , respectively; VJp o ) and V p (p o ) 
are the corresponding total volumes; v\p° t 
s (r o )) is the specific volume of the medium in 
the ° state represented by (P 0 ,s 1 )i v o is the 
specific volume of the medium initially; and a o 
is the initial radius of the explosive charge. By 
rearrangement .of terms, Eq. 13-9 can be written 

H t (Po)~ H p(Po) 4*rfaAh[s v (r 0 ))dr 0 (13-10) 

where Hjp o ) and H (P 0 ) are the total enthalpy 
of the intact explosive and the explosive 
products at p , respectively, and the quantity 
Ah W } is defined, like Aefsjfr^]; thus, 

= /i[p 0 ,s 3 ] - hlv 0V 8 0 ] 

Eq. 13-10 expresses the thermodynamic 
requirement that for the total system, explosive 
and medium, enthalpy is conserved in the 
explosion process. 

Eq. 13-10 is based on division of the total 
system into two parts separated by the 
boundary between the explosive and the 
medium. The surface of such division is 
arbitrary. Therefore, one may equally well 
define a spherical boundary in Lagrangian 
coordinates that includes not only the explosive 


but also a portion of the medium out to radius 
R in one part, and the rest of the medium from 
R to infinity in the other. Then, one can write 
on the basis of arguments identical to those 
which led to Eq. 13-10 

H„(R) - HSR) “ f p 0 Ak[ Sl {r 0 ))dr a 

R 

(13-il) 

where H 0 (R ) and H-(R) represent the total 
enthalpy in the explosive plus the medium out 
to Lagrangian coordinate t q ~ R initially and at 
infinite time, respectively. The change in 
enthalpy can be equated to the change in energy 
plus the change in pV and, since the pressure is 
equal to p 0 in both the initial and final states, 
we can write 

H 0 (R) - HSR) = E 0 {R) ~ EJR) 

- p d AV < 13 ' 12 > 

where E (R) and EJR) are the .total energy in 
the initial and final states, respectively, and AV 
is the + Atal change of volume. The latter 
quantity can be computed from the movement 
of the boundary at r 0 = JR; thus 



Figure 13-2. jhematic Illustration of the Energy Retention Resulting From the Entropy 
increase at the Shock Front [The area under the curve between the initial 
and final states represents the energy change in both the shock compression 
(upward arrow ) and isentropic expansion back to p Q (downvjard arrow JJ 
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kV - {r Q ~ R) J 4irr 2 udt (13-13) 

t(R) 

where the notation in front of the integral sign is 
meant to signify that the integral is along the 
pavticle path r Q = jR, u is the particle velocity, 
and t(R) is the time at which the shock wave 
reaches R and at which u, therefore, takes on a 
va <ie different from zero. From the first Law of 
thermodynamics, the change in energy may be 
equated to the work done on the medium 
external toi?; thus 

E 0 (R) - EJR) - (r„ = R) f Air Spud t 
<(*) 

(13-14) 

Combing Eqs. 13-11, 13-12, 13-13, and 13-14 
we ma; 

E(R) 6 = R) J 4Trr 2 (p - p Q ) udt 


= J PoAhls^rJJdr,, 

R 

where we have defined E(R) to represent the 
integral for total work involving the overpressure 
P -Po along the particle path r 0 = R. It will be 
noted that E(R) - H 0 (R) - HJR), and, in 
particular , E(a ) = H € (p 0 ) - H p (p „ ). 

By differentiating Eq. 13-15, we derive the 
differential equation for the total transport of 
enthalpy associated with transmission of a 
spherical shock wave; thus 

~ i = 47T/J 2 p a Ah[s 1 (R)] (13-16) 

It should be noted that Eq. 13-16 contains no 
information not implicit in the Hugoniot 
relations since they take full account of the 
conservation of energy, When the Hugoniot 
relations are combined with an equation of 
state, all the basic information it is possible to 
derive from thermodynamics in this connection 
is implicitly contained. However, the concept of 
total enthalpy transport expressed in Eq. 13-16, 
which was first derived by Kirkwood and 


Brinkley 3 , provides an insight not immediately 
given by the Hugoniot relations alone. 

13-4 BLAST WAVES IN AIR FROM 
EXPLOSIVE CHARGES 

Before considering the quantitative analysis of 
the shock wave in air generated by an explosive 
charge, it is desirable to describe the qualitative 
features of the wave. We limit the discussion to 
the spherical wave with a center of symmetry, 
propagating radially outward from the center of 
the explosion in a space free of obstacles. 

As the blast wave in air travels away from the 
source, the peak pressure steadily decrease? and 
the pressure behind the front falls off in a 
regular manner. After {he shock front has 
propagated a certain distance, the pressure 
behind the shock front falls below the original 
ambient pressure of the atmosphere, creating a 
suction phase of negative overpressures. The 
pressure as a function of distance from the 
center of explosion is shown schematically in 
Fig. 13-3 for several successive times, increasing 
as the wave propagates from left to right. It may 
be noted that the suction phase of the blast 
wave is a consequence of the geometrical 
divergence of the wave. Waves propagating 
without divergence do not exhibit a suction 
phase. 

It will be recalled from Chapter 2 that the 
Hugoniot equations, expressing the conservation 
laws across the shock discontinuity, prescribe all 
of the shock front variables in terms of any one 
of them. Thus, if the peak pressure is chosen as 
the independent variable, the shock front 
particle velocity is a monotonic function of the 
peak pressure so that it decreases during 
propagation of the wave in a manner determined 
by die instantaneous value of the peak pressure 
through the Hugoniot equation. The particle 
velocity decreases behind the shock front in a 
manner that is determined by the pressure 
distribution through the hydrodynamic 
equations. The particle velocity is shown as a 
function of distance from the center of 
explosion schematically in Fig. 13-4 for several 
successive times as the wave propagates from left 
to right. The particle velocity changes direction 
in consequence of the suction phase of the blast 
wave. 
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Figure 1 3-3. Pressure-distance Curves for Blast Waves in Air. at Successive Times 


Qualitatively similar curves are obtained if the 
pressure or particle velocity is plotted as 
functions of time at a fixed distance from the 
center of the explosion. Such curves are called 
the Eulerian pressure-time of particle 
velocity- time curve because the petition is taken 
as fixed in a laboratory system of coordinates. 
Pressure-time curves at two distances, R x and 
jRj>22 lf are shown schematically in Fig, 13-5. 
At R l , the blast wave does not exhibit a suction 
phase. At the greater distance f? 2 , the suction 
phase exhibited in the pressure-distance curves is 
reproduced by the pressure-time curve. 

At distances close enough to the explosion so 
that the blast wave is of the form as shown to 
the left in Fig 13-5, it may be represented by the 
empirical equation* 


♦ The notation “subscript prime* * is used only with 
pressure and refers to shock front pressure above 
atmospheric pressure. 


p(t)= P, e- ,,e (13-17) 

where p is the pressure in excess of the ambient 
pressure p o , i.e., the excess pressure or the 
overpressure; p, is the peak value of the excess 
pressure at the shock front, i,e.,p ( *p l -p o ;f is 
the time measured from the instant of arrival of 
the shock wave; and 0 is called Eulerian time 
constant of the pressure-time curve. It is the 
time required for the overpressure to fall to a 
value 1/e of its peak value. It can be calculated 
by the relation 

. I „ 1 (&) (13-18) 

0 P, \3v k ^, 0 

where the partial derivative is formed at 
constant radial coordinate R and evaluated at 
the time of arrival of the shock front at R. 
Asymptotically, at large distances and low 
overpressures, it has been shown by Kirkwood 
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and Bethe 8 that the positive portion of the 
pressure-time curve is the straight line 

Pit ) «P,( 1 - tld), t>0 (13-19) 

For the asymptotic pressure-time curve, 0 is the 
duration of the positive portion of the wave. It 
satisfies the definition of Eq. 13-18. At 
intermediate distances and peak pressures, the 
pressure-time curve cannot be represented by a 
simple, one-parameter, empirical equation. 

The properties of the shock front, expressed as 
functions of the peak pressure, can be calculated 
by the use of the Hugoniot equations 
supplemented by an equation of state for the 
air. . Fig. 13-6 has been constructed on the 
assumption that air is polytropic with 7 = 1.4. 
This assumption is adequate for shock wes 
whose-peak pressure is relatively low. At h <er 
amplitudes, the high temperature of the shock 
wave causes extensive dissociation and the 
polytropic assumption is no longer valid. 
Hugoniot curves- for air in which dissociation is 
taken into account have been constructed 
Hilsemath and Beckett 8 . 

The- dynamic pressure it is defined as the 
quantity 

7 r - pu 2 /2 (13-20) 

This property of the shock wave determines the 
aerodynamic drag forces to which a structure is 
exposed. The dynamic pressure is characterized 
by a peak value at the shock front, determined 
through the Hugoniot equations by the peak 
pressure, and a decaying dynamic pressure-time 
curve. The peak dynamic pressure is shown as a 
function of shock front pressure in Fig. 13-6. A 
peak approximation, similar in form to Eq. 
13-17, is appropriate to describe the variation of 
dynamic pressure with time at points near the 
explosion. Asymptotically, at large distances and 
low overpressures, Kirkwood and Bethe 8 have 
shown that the portion of the dynamic pressure 
corresponding to the positive part of the wave is 
represented by the qV piratic expression 

?r(t) « 1^(1 - i/9)*, t > 0 (13-21) 

This expression involves the same constant 0 as 
Eq. 13-19 because the durations of positive 
pressure and forward facing particle velocity are 
asymptotically equal. 


The impluse delivered to unit area by the 
positive portion of the shock wave is the area 
under the positive portion of the pressure-time 
curve. For the pressure-time curve of Eq. 13-1 

I p = P, 9 (13-22) 

which is valid close to the explosion. 

Asymptotically, when Eq. 13-19 applies, then 

I p ='Ap,d (13-23) 

If the peak approximation for the dynamic 
pressure is written in terms of a time constant 6' 

(13 ; 24) 

9 W/ Si ,. 0 

analogously to Eq. 13-18, the dynamic impulse 
per unit area is given by an expression similar to 
Eq. 13-22 

/ = 7 Tl 0' (13-25) 

which is valid close to the explosion. 

Asymptotically, when Eq. 13-21 applies, the 
dynamic impulse for the positive phase of the 
wave is given by 

J u = 2/37^0 (13-26) 

These simple expressions for the impulses 
require a knowledge only of two parameters of 
the shock wave, each of which are evaluated at 
the shock front. At intermediate distances and 
shock wave amplitudes, the evaluation of 
pressure impulse or dynamic impulse requires 
either additional information on the structure of 
the wave or an interpolation procedure between 
the expressions resulting from the peak 
approximation and those resulting from the 
asymptotic equations. 

13-5 RESULTS OF NUMERICAL 
INTEGRATION OF THE 
HYDRODYNAMIC EQUATIONS FOR 
BLAST WAVES IN AIR 

A complete theoretical development of the 
consequences of a simple model such as the 
spherical shock wave from a centrally initiated 
spherical charge is attended by considerable 
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difficulty. In principle, the theoretical analysis is 
to be based on the partial differential equations 
of hydrodynamics. They are to be solved subject 
to the Hugoniot equaitons which express the 
conservation laws across the discontinuous 
shock front and which implicitly prescribe the 
path of the shock front in space as a function of 
time. The solutions depend upon initial and 
boundary conditions that are prescribed on the 
interface separating explosion products and air. 
The latter themselves pose a difficult problem 
since the position of the surface and the 
conditions on it depend on the flow of the 
detonation products at all times subsequent to 
the passage of the detonation wave. Now, when 
the detonation wave reaches the surface of the 
explosive and generates the initial shock wave in 
the surrounding medium, a wave is reflected 
back into the explosion products. In the 
spherical case, this wave is again reflected at the 
center and on reaching the interface between 
explosion products and air modifies both the 
position of the interface and the properties on 
it. As the motion develops, a complex set of 
waves is generated, both in the explosion 
products and in the air, and these have to be 
followed in detail in order to construct an exact 
solution, even for the spherical model. 

The point source model of a spherical shock 
wave is much easier to exploit since the 
complicated conditions on the interface between 
explosion products and air are replaced by a 
single condition specifying the total energy 
released by the explosion. There is theoretical 
and experimental evidence that this model 
reproduces the main features of the explos? rnly 
generated shock wave, especially at large 
distances from the explosion, and it provides a 
useful basis upon which to continue our 
descriptipn of the properties of blast waves in 
sir. A more exact treatment taking into account 
the motion of the explosion products can be 
considered as adding a kind of “fine structure” 
to the picture obtained from the simpler 
considerations. The point of view appears to be 
valid in the present instance for two reasons, 
namely: (1) at distances where measurements of 
shock wave parameters are normally made 
experimentally, and where their magnitudes are 
important for practical problems such, as 
specification of critical damage radii, the 
so-called fine structure is not resolved by the 


instrumentation employed, and (2) at distances 
nearer to the explosion where the so-called fine 
structure is more important, the assumption of 
spherical symmetry is an increasingly poor 
approximation to charge configurations usually 
employed. 

Brode 5 ' 7 has obtained the numerical solutions 
of the differential equations of hydrodynamics 
for the point source model of the spherical blast 
wave in air. The computational method 
employed is due to von Neumann and 
Richtmyer 10 in which an artificial viscosity is 
introduced into the equations as a mechanism 
for avoiding shock front discontinuities. The 
artificial viscosity is defined in such a way as to 
replace the shock front with steep but finite 
gradients in the properties of the flow, across 
which the Hugoniot equations are satisfied. 
Simultaneously, as defined, it has negligible 
effect on the flow in all other regions. The 
integrating process then consists of the step-wise 
solution of difference equations which 
approximate the differential equations of 
motion of the gas. 

For the point source model, one can define a 
characteristic length X and time r 


X - (%) 1/3 t r = X/c 0 


(13-27.) 


where E is the total energy transmitted by the 
explosion to the shock wave, and p o and c a are 
the pressure and sound velocity, respectively, in 
the undisturbed air. Then, it is easy to show that 
the solutions of the hydrodynamic equations are 
similar, i.e., that scaling is preserved, instances 
are expressed in units of length X and times in 
units of the characteristic time r. Thus, the 
point source solutions are independent of the 
nature of the explosive, so long as the energy 
released to the shock wave is properly employed 
in evaluating the scaling parameters X and r. 

The solid line of Fig. 13-7, which is taken 
from Brode’s paper, shows the variation of peak 
press', ire with distance for a point explosion in 
an ideal gas in which it is assumed that the heat 
capacity ratio y is constant and equal to 1.4, 
The effect of the assumption of ideality is 
shown by comparison with the dashed curve of 
the same figure, which results from calculations 
in which the thermodynamic properties of real 
air were employed and in which account was 
taken of the dissociation of air at the high 
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temperatures associated with strong shocks. The 
curves are qualitatively similar but show the 
importance of the equation of state in the actual 
shock amplitude at a given distance. This figure 
also shows for comparison experimental values 
for TNT. 

These calculations afford a complete 
description of the flow associated with the 
shoe’: wave. Brode presents the results in his 
paper by means of graphs and by empirical 
equations fitted to the various curves. The 
results are too voluminous for inclusion in this 
chapter and for them reference is made to the 
original reports. For later reference, however, we 
reproduce in Fig. 13*8 the instantaneous 
pressure-distance curves calculated for isotropic 
air with the point source model. The curves for 
real air are of similar form. 

In the point source approximation, the 
explosion is described by a single parameter, i.e., 
the energy transmitted to the shock wave. The 
results of the calculation are thus independent 
of size, density, or chemical nature of the 
explosive, and, when scaled by a characteristic 
length and characteristic lime determined by the 
energy of explosion, the results are applicable to 
any explosive. The effect of the paramaters of 
the explosive that are neglected by the point 
source approximation is revealed by 
consideration of a numerical integration, carried 
out by Brode, in which the integration is 
continued from the spherical detonation wave of 
Taylor of the case of TNT at initial density of 
1.5 g/cm 3 . It was carried out using the artificial 
viscosity technique of von Neumann arid 
Richtmyer. This calculation ij substantially 
more involved than that o t the point source 
model, and it does not appear to have been 
repeated for other explosive charges. 
Unfortunately, obsolete \}uation of state data 
for the explosion products and an incorrect 
energy of explosion were employed, so that the 
numerical results are likely to be seme c tat in, 
error. However, this calculatj ?n provides the 
most complete and detailed description «£ the 
air shock wave that in exisce'ue. It! 25 special 
value in providing a test c d toe validity of 
simplified models. 

’Vfeen a spheriou shock wave is generated by a 
sphere of gas of finite volume at high pressure, 
the establishment of continuity of pressure and 
radial particle velocity across ina contact surface 


between explosion products and air results in a 
rarefaction wave moving toward the center in 
the explosion products. (If the, explosion 
products are generated by a spherical detonation 
wave of the type described by Taylor, the 
rarefaction wave moves into and modifies the 
structure of Taylor wave.) In general, as Brode 
points out, when a spherical shock waveof finite 
volume is backed up to an inward moving 
rarefaction wave, the negative pressure gradient 
of the rarefaction joins the positive gradient of 
the shock through a compression which grows as 
a shock as the rarefaction develops. No such 
condition exists for a plane wave in a shock 
tube. Thus, in the numerical calculations, a 
shock wave is seen to follow the rarefaction 
wave into the explosion gases. It starts with zero 
strength and grows as it moves inward through 
these gases. The gases themselves are expanding 
radially at a velocity that is initially high { w$>ax 
this shock is swept outward in space until the 
expansion pf the explosion products is nearly 
complete. Then it implodes on the ongin and- -is 
reflected outward to the contact surface. At the, 
time of reaching this surface, the explosion, gac-ea 
are denser and cooler than th_ oil outside. 
Therefore, on passing through th Q urfere tike 
wave establishes a second shock wf’Vs.in tho ah? 
and a new inward rarefaction wa^e^fch, ';ke 
the initial rarefaction wave, is foHovjtfdby ii 
shock wave moving inward. This sh isholopes 
on the origin, reflects, and propa^.tv^ outward 
in the wake of the earlier shocks. Th e succession 
of shocks continues in thir ma**:u$r .yritit .fcV* 
residual energy of the exr Vision prod lefts 
dissipated. 

A rather complicated series' yt shock wyes 
and rarefactions thus develops whicii the 
motion of the contact surik*- Instead of 
moving ir- ohytonically fx r tu 
the expk rive U> radios at vrbicH. Tie 
a w at rest, a series os d&npHl 
obh- cred. Fig. 13-9, wufch is taken 
paper, shows the ueuJC ‘pries. of.Uso «hock waves 
and of the contact surface. 

By neglecting she v wave?, in the expV rion 
products, the specific energy of*xplosio^ha» 
been defined as 

Q 1 71 *\, • (13-23; 

where e p is the specific <*hergy content of the 
intact explosive, and tire epocifiu energy content 
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Figure 13-7. 


Peak Pressure-distance Curves for Shock Waves in Air Calculated With the 
Point Source Model (Brode) 





e of the explosion products is evaluated at 
ambient pressure p o and the entropy s x of the 
Chapman-Jouguet detonation state. However, 
the final entropy is greater than by the 
increments across all of the shocks in the 
explosion products, so that Eq. 13-28 is an 
overestimate of the energy transmitted to the 
air. It may be retained as a reasonable 
approximation since the energy dissipated across 
the shock waves is a small fraction of the total 
energy released by the explosion. The 
dissipation assumption employed in par. 13-3 is 
that all of the energy of the explosion is 
dissipated in the air as a result of the entropy 
increment across the initial shock. This 
assumption, also, is not strictly correct because 
of the entropy increments associated with each 
of the later shocks. These increments are small 
compared to that across the primary shock and 
consequently the description of energy 


propagation that takes account only of the 
primary shock wave is a good approximation. 

These subsidiary shocks, as is shown by Big. 
13-10, follow the main shock at such a time and 
distance as to be behind the minimum of the 
negative phase. The pressure-distance curves of 
this figure are to be compared with those of Fig. 
13-8, which results from the point source model: 
They show how the structure of the wave is 
affected by the finite size of the explosive 
charge. Since the subsidiary shocks are located 
in the negative phase of the primary shock wave, 
they cannot overtake and merge with the 
primary shock. It will be noted that the shape of 
the positive portion of the pressure-time curve as 
calculated from the point source model is 
qualitatively quite similar to that from the finite 
charge. 

The variation of peak pressure with distance as 
calculated for the finite charge of TNT is 
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Figure 13-8. Pressure in Atmospheres as a Function of the Lagrange or Mass Position fee 
the Point Source Solution at Times Indicated (The position is in arbitrary 
units of X‘1627.2 and the time is in units of t.) (Brode) 
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Figure 13-9, Space-time Diagram for Shocks and Contact Surface for TNT Blast in Air 
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compared with results for the point source 
model in Fig. 13*11. At no distance are the 
results the same, although the slopes at large 
distances are similar. Close to 'the charge, the 
point source curve is, as expected, much higher 
than that for the finite TNT charge. Because of 
excessive dissipation of shock wave eiiergy in 
this region, the point source curve falls below 
that for the finite charge releasing the same 
energy. It seems fair to conclude that the point 
source model provides at best only a 
qualitatively correct description of the shock 
wave. At distances of primary practical interest; 
it overestimates the most important of the shock 
wave parameters, the peak pressure. 

Although the numerical integration of the 
basic equations— using the von 
Neumann-Richtmyer or an equivalent 
technique— -provides the most detailed and 
probably the most accurate description of the 
shock wave, calculations of this kind are 
feie^onsuming and expensive in computational 
cost. They would seem to serve best as standards 
aga ; ust which simpler approximate treatments 
can. be compared. Any simplified theory of 
shock wave propagation will result in a loss in 
the detail with which the phenomenon is 
described. The simplified theory is justified if it 
is able to provide estimates of acceptable 
accuracy of those properties of the shock wave 
that are of practical importance, as for 
example, in the design of protective structures. 

13-6 UNDERWATER AND UNDERGROUND 
EXPLOSIONS 

The rapid expansion of the gas bubble formed 
by an underwater explosion results in a shock 
wave being propagated outward through the 
water in all directions. The shock wave is similar 
in form to the shock wave in air, and it obeys 
the same laws of hydrodynamics. It differs in 
detail, the differences arising solely from the 
differences in the equations of state of the two 
media. Just as in air, there is a sharp rise in 
overpressure at th/s shock front. The peak values 
for an underwater explosion are much higher 
than at the same distance from the same 
explosive charge in air. The peak overpressure in 
water does not decay with distance as rapidly as 
it does in air. Furthermore, the shock *\ave 
velocity which is always greater than and 


asymptotically equal to the velocity of sound, is 
greater in water than in air, except near the 
charge surface. 

In spite of these differences, an underwater 
shock wave is qualitatively similar to one in air, 
as is seen from the summary of its characteristics 
which follows. The velocity of propagation near 
the charge is several times the limiting acoustic 
velocity, this limiting value being approached 
quite rapidly as the wave advances outward and 
the pressure falls. In water, the acoustic velocity 
is about 5,000 ft/sec. The peak pressure in the 
spherical wave decays more rapidly with 
distance than inversely as the first power of the 
distance, as would be predicted for a disturbance 
obeying acoustic laws. The rate of decay 
approaches this acoustic behavior in. the limit of 
large distances. The nonacoustic decay is to be 
attributed, as in the case of shock waves in air, 
to the dissipation of energy in the water through 
which the shock wavj has passed. However, 
because of the properties of the equation of 
stete of water , the entropy increment across the 
shock front is very much less in water than for 
shock waves of the same amplitude in air. 
Indeed, a successful theoretical treatment of 
underwater shock waves has been based oh the 
approximation that entropy changes across the 
shock front can be neglected with the result that 
the Hugoniot curve for water is approximated 
by the isentrope through the initial state. Thus, 
the nonacoustic decay of shock wave amplitude 
is less important in the theoretical description of 
underwater shock waves than in the case of 
shock waves in air. Finally, as in the case of air, 
the profile of the wave broadens gradually as the 
wave propagates outward. The increase in 
duration is most marked in the early stages of 
the shock wave propagation near the explosive 
charge. Pressure-distance curves for an 
underwater explosion of a 300-lb TNT charge 
are sketched in Fig. 13-12 for three different 
instants of time. In Fig. 13-13, there is shown a 
pressure-time curve for the same charge at a 
single distance. These examples are taken from a 
comprehensive treatment of underwater 
explosions by Cole ia . 

The initial portion of the pressure-time curve, 
to pressures of the order of 30 percent of the 
peak value, is well described by the peak 
approximation, Eq. 13-17. In the later portions 
of the wave, however, the pressure falls off 
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much more slowly than is predicted by an 
exponentiallaw. 

Because of the long duration of the positive 
portion of the pressure- time curve, the 
definition of a limit of integration in order to 
obtain the impulse delivered by the primary 
shock wave is somewhat arbitrary. For example, 
duration of positive excess pressure for a 300-lb 
charge of TNT is about 160 times the time 
constant 30 ft from the charge. An integration 
to this limit poses difficult problems both in 
experimental arrangements and in analysis of 
data. The impulse is actually employed as a 
measure of shortlived transient pressure. For 
these reasons, it has become customary to 
evaluate the impulse from underwater shock 
waves under only the earlier high pressure region 
to an arbitrarily assigned upper limit on time 
which is long enough to include the 
characteristic features of the pressure-time curve 
when the pressures are a significant fraction of 
the initial peak value. One way of specifying the 
time limit of integration's as a constant multiple 
of the experimentally observed time constant. 


Cole suggests that the integration under the 
pressure- time curve be carried to a time that is 
five times the experimental time constant. 

In several theoretical treatments of underwater 
shock waves, e>g., that of par. 13-8, it is assumed 
that the pressure-time curve can be represented 
by the peak approximation. This assumption 
imposes a constraint to which the solutions are 
forced to comply. It is found that theoretical; 
time constants so calculated are greater than 
experimental values but that the impulse, 
calculated by means of Eq. 13-22, is in quite 
good agreement with values obtained from 
experimental pressure-time Curves to the 
arbitrary time limit described above. 

In a spherically diverging shock wave, the 
exterior medium is left with an outward velocity 
following the passage of the shock wave. In 
underwater explosions, this flow has been called 
the afterflow. In air, the outward flow continues 
past the time at which the pressure has fdlento 
the ambient pressure, and the flow is not 
brought to rest untilafter the : pressure has fallen 
below the ambient value. Thus, in air, the 



(A) R* 5 ft (B) R* 50 ft (C) R* 500 ft 

Figure 13-12. Pressure-distance Curves for the Underwater Shock Wave Produced by a 
300’lb TNT Charge 
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Figure 13-13 . Pressure-time Curve for the 
Underwater Shock Wave 
Produced by a 300-lb TNT 
Charge 

divergence of the flow results in a negative phase 
of the shock wave. We note that the explosion 
gases are more dense than the exterior air. 

During the first part of the expansion of the 
gas bubble in an underwater explosion and the 
emission of the m£«or part of the shock wave, 
the pressure and density of the explosion gases 
are substantially reduced. The density becomes 
much less than that of the exterior water but the 
pressure remains for a time substantially higher 
than the equilibrium hydrostatic pressure. The 
water in the vicinity of the contact surface has a 
high outward velocity and the diameter of the 
bubble increases rapidly. Because of the inertia 
of the water determined by its relatively high 
density, the afterflow continues for a relatively 
long time. During this period, the gas pressure 
falls below the equilibrium hydrostatic pressure 
while the water pressure approaches the 
equilibrium static pressure from above. 
Ultimately, the pressure differential brings the 
outward flow to a stop, and the bubble begins to 
contract at an increasing rate. This motion 
continues until it is abruptly reversed by the 
compression of the explosion products. Thus, 
the conditions for an oscillating system are 
provided by the inertia of the water and the 


compressibility of the gas. The bubble does in 
fact undergo repeated cycles of expansion and 
contraction. The process is illustrated by Fig. 
1344. It is seen that the bubble spends most of 
its time in an expanded state. 

A pressure wave is propagated into the water 
by each expansion cycle of the bubble 
oscillations. The primary shock wave and the 
first bubble pulse for the underwater explosion 
of a TNT charge are shown in Fig. 13-15. The 
amplitude of the bubble pulse is seen to be 
much lower than that of the primary shock 
wave. However, the wave is of long duration and 
the impulse delivered by it is comparable to that 
delivered by the shock wave. The bubble pulses 
can thus contribute significantly to the damage 
from an underwater explosion. The time 
constant of the primary shock wave (the time 
required for the pressure to fall to a value of 
p f /e) is of the order of 0.5 msec. In order of 
magnitude, the time of arrival of the bubble 
pulse is 1,000 times the time constant of the 
shock wave. The secondary pressure waves 
described here have their origin in the dynamical 
properties of water. They are not to be 
identified with the secondary shock waves in air 
that were described in the last paragraph. 

A comprehensive discussion of the oscillations 
of the gas bubble and of the secondary bubble 
pulses emitted during the bubble motion is given 
by Cole. It is shown that the theoretical 
description of the phenomenon can .be based on 
the incompressive approximation of the 
equations of hydrodynamics, however, the force 
of gravity cannot be neglected in the description 
of the bubble motion. One result of this 
theoretical treatment is of particular interest. It 
is shown that the period of the oscillation is 
proportional to the one-third power of the 
energy transmitted to the water during the 
bubble oscillations and inversely proportional to 
the five-sixths power of the hydrostatic pressure 

T = KE b m ip™ (13*29) 

where T is the period, E b is the bubble energy, 
and K is a proportionality constant. This result, 
which as been derived by a number of writers, is 
usually known as the Willis formula. This result 
makes possible the determination of the bubble 
energy from measurements of the variation of 
the period with charge depth and charge size. It 
is found that approximately 50 percent of the 
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energy of explosion is transmitted daring the 
primary shock wave*, the remainder being 
dissipated during the oscillations of the gas 
bubble. The most precise data are available for 
the underwater explosion of TNT, for which the 
energy of explosion has been evaluated as 1060 
cal/g. From the observed period of oscillation of 
the gas bubble, a bubble energy of 480 cal/g is 
calculated. The difference, 580 cal/g, is the 
energy of the initial shock wave. 

In water, as in air, all of the properties at the 
shock front are determined as functions of the 
peak pressure by the Hugoniot equations and an 
equation of state. The Tait equation of state is 
an expression of simple form that gives a good 
representation T T data. Along an isen trope, 
it can be written 

p = Bl(plp 0 f - 1] (13-30) 

The exponent k is taken to be 7.15 for sea 
water. The quantity B is a slowly varying function 
of entropy. For sea water at 20° C, it has been 
assigned the value 3.047 kbars. It will be noted 
that Eq. 13-30 has a form similar to that for a 
poly tropic gas. Richardson, Arons, and 

Halverson 11 have employed Eq. 13-30 to 
evaluate the properties of sea water along the 
Hugoniot curve. The shock wave velocity and 
the particle and sound velocities at the shock 
front are shown as functions of peak pressure by 
Fig. 13-16. 

As in the case of shock waves in air, a 
straightforward mathematical approach to the 
theoretical description of the shock wave from 
underwater explosions can be based on the 
numerical integration of the equations of 
hydrodynamics. A calculation of this nature has 
been performed by Penney and Dasgupta 12 for 
TNT. The integration was continued from the 
spherical detonation wave described by Taylor. 
The peak pressure-distance curve obtained by 
this procedure is shown in Fig. 13-17 which also 
shows some experimental values. At distances 
for which experimental data are available, the 
rate of decay of the theoretical curve is closely 
similar to that for the experimental curve. The 


* Not all of the energy transmitted by the primary 

shock wave appears in the shock wave at moderate 
distance* from the charge. A portion of the energy ; 
dissipated as heat in the fluid through which the 
ihock wave has progressed (see par. 4*8). 


low values obtained by calculation are to be 
attributed to the low energy release that was 
assumed in the calculation of the initial 
conditions. It seems reasonable to assume that a 
revision and extension of these calculations, 
employing the more accurate value of the energy 
of explosion that is now available, would give 
results in good agreement with experiment. 

The principal commercial application of 
explosives has been to blasting with the 
explosive detonated underground. An 
underground explosion is very difficult to 
describe qi antitatively, and the present state of 
knowledge in this area is very limited. In 
practical cases, the terrain is rarely even 
approximately uniform over any considerable 
distance from the charge. Even where uniform, 
the exterior medium cannot be described by any 
simple equation of state. Fipally, the explosion 
in a medium of infinite extent, to which we have 
elected to limit the treatment of this chapter, 
does not correspond to the geometry of any 
blasting application of practical interest. On the 
other hand, more recent problems involving 
underground storage of ammunition, and 
simulation of underground nuclear bursts, have 
led to experimental and theoretical work on 
underground detonations in “infinite** 

media 20 ’ 25 . 

In an underground explosion, the pressure 
wave transmitted to the exterior medium is, of 
course, affected by the mechanical properties of 
the medium. Jf the medium is an elastic solid, 
such as rock, there is a region of plastic 
deformation and permanent displacement in the 
region close to the charge where the pressure is 
greater than the elastic limit of the material. At 
greater distances, both transverse and 

longitudinal elastic waves are generated by the 
explosion which travel, in general, at different 
velocities and which are modified on reflection 
at free surfaces, such as the ground level or a pit 
face, and on passing from material at one 
density to material at another. In general, it can 
be stated that most of the energy of explosion is 
dissipated close to the explosion in the region of 
permanent displacement, and that the amount 
of energy transmitted by elastic or seismic waves 
is at most a few percent of the energy of 
explosion. If the solid is elastic, it most 
commonly fractures under tension as the result 
of the tension wave produced on reflection of a 
compression wave at a free surface. 
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A considerable amount of empirical 
information has been compiled on the behavior 
of explosives in varying terrains. The selection of 
an explosive and its arrangements for a 
particular blasting job are, as a practical matter, 
entirely dictated by experience. It seems fair to 
state that blasting is at the present time an art 
almost completely without a quantitative 
scientific basis. 

13-7 THE INITIAL SHOCK WAVE 
PRESSURES 

At the contact surface between explosion 
products and exterior medium, the pressure and 
normal component of the particle velocity are 
equal on each side of the surface at all times. In 
particular, for a spherical explosive charge of 
initial radius a , these conditions can be 
expressed by 

P, M = P+K), u i( fl 0 ) = V a 0 ) (13-31) 

where p f (a ) is the initial excess peak-pressure 
in the exterior medium, p* (a o ) is the pressure in 
excess of the initial pressure p o of the explosion 
products on the surface R = a , is the 

initial radial shock front particle velocity, and 
u + (a o ) is the radial particle velocity of the 
explosion products on the contact surface. When 
these conditions are established, a shock wave 
advances into the exterior medium and a 
rarefaction wave recedes into the explosion 
products. The rarefaction wave is initially 
characterized by the fact that the Riemann r 
function (see Chapter 2) is an invariant on a 
particle path, i.e., on the surface R - a Q . This 
condition can be stated in the form 


r = u + o ~ constant 



The constant in Eq. 13-32 is fixed when the 
difinition of the a-function is completed by 
specificatioi of a lower limit of integration. The 
integral defining the a-function is along a path 
of constant entropy (which because of the 
entropy transport equation is also a particle 
path). 


The solution for the propagation of shock 
waves should, of course, be based on a 
continuation of the solution for the spherical 
detonation wave, described in Chapter 9. If we 
here designate by p d the pressure of the 
detonation wave front and by u d the 
corresponding value of the particle velocity, Eqs. 
13-32 can be written 

u *(°o) + °(P*) = “d (13-33) 

where P / Po dn 

o(P) = j i (13-34) 

Pd 

Using Eqs. 13-31, the Riemann condition can be 
written in the form 

+ o(P,) = % (13-35) 

The a-function is to % be evaluated using an 
equation of state for the- explosion products. It 
is necessary to calculate the detonation state; to 
construct the isentrope through this state; to 
evaluate the integrand of Eq. 13*34 along the 
isentrope; and, finally, to evaluate the 

a-functior. by quadrature. Methods for the 
construction of the isentrope are described in 
Chapter 2. 

The shock front in the exterior medium must 
satisfy the Hugoniot conservation equations (see 
Chapter 2;. Then*' can be written 

P, = Po\V J 

U, = U(1 ■■ P„V J (13-36) 

\ - h„ = p, (u„ + Dj)/2 J 

in terms of the excess peak pressure p, , where U 
is the velocity of propagation of the shock wave. 
These equations are supplemented by an 
equation of state for the exterior medium. They 
make it possible to express each of the shock 
front properties as functions of any one of them 
(usually in tabular form) for given values of the 
properties of the undisturbed medium, In 
particular, it is possible to express the shock 
front particle velocity as a function of the peak 
excess pressure 

« x = «! (P, ) (13-37) 
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Thus, Eqs. 13-35 n,id 13-36 imply a relation 

Uj(P,) + 0(p,) = u, (13-38) 

which can be solved for the initial excess shock 
front pressure p, by numerical or graphical 
methods. 

Kirkwood and Bethe* have constructed a 
theory of the propagation of shock waves in 
water in which it is shown that the function 

G * r(u> + u 2 1 2j 



propagates according to a relation that can be 
written 

G(r,t) * G (r) (13-40) 

where G g is the value of the function G on the 
contact surface at a time r. If G(r % t) is known 
everywhere in the (r, f>plane, all of the 
properties of the shock wave can be deduced in 
a straightforward manner. Eq. 13-40 states that 
the function G(r,t) is equal to the value of the^ 
same function on the contact surface at a time r 
which is a function r(r,t). Kirkwood and Bethe 
give a prescription for evaluating GJr) and 
r(r r ;), and they have thus formulated a theory 
of propagation of the shock wave. We do not 
wish to describe this theory in further detail but 
only to comment on an implication of Eq. 
13-40. Kirkwood and Bethe show that the time 
r is an increasing function of time for any 
constant value of r. This means that the 
properties of the shock wave, including those at 
the shock front, are determined by properties on 
the contact surface at times that increase as the 
shock front propagates. We may, therefore, 
picture modification of the wave during its 
propagation as the result of a process in which 
the wave front is continually destroyed by 
dissipation in response to the finite entropy 
increment across the shock front and in which 
the properties of the wave as it propagates are 
determined by properties on the contact surface 
at successively later times. The process is 
illustrated schematically by the pressure-time 
profiles at two distances of Fig. 13-18, in which 
the dashed curve of the curve at the greater 


distance is intended to represent the portion of 
the earlier wave that has been destroyed by 
dissipation. The Kirkwood-Bethe theory is based 
on an assumption that the flow behind the 
shock front can be considered to be isen tropic, 
as assumption that is valid in water but not in 
air. The picture that it affords of the dissipation 
mechanism, is however, qualitatively true for 
shv'ck wf res in air, where the dissipation of 
ener* is more rapid than in water. 

It can be concluded on the basis of the insight 
afforded by the analysis of Kirkwood and Bethe 
that simpler models of the initial state of the 
explosion products can be employed to calculate 
the initial shock wave pressure, provided the 
energy of the explosion is correctly specified. 
The shock wave parameters are seen to be 
relatively insensitive to the initial shock wave 
pressure. It is, therefore, frequently assumed 
that the explosion can be adequately 
approximated by assuming that it takes place 
instantaneously at constant volume. One then 
defines the o-function by 

p + p q 

o(p) ' f % (1341) 

P« 

where p t is the pressure of the constant volume 
explosion state. The constant of Eq. 13-32 is 
then zero and the expression corresponding to 
Eq. 13-38is 

«,(?,)■+ °(P,) * 0 (1342) 

which can be solved for the initial excess shock 
front pressure by numerical or graphical 

methods. 

13-8 AN APPROXIMATE THEORY OF 
SHOCK WAVE PROPAGATION 

In the analysis of damage to structures by 
blast waves in air or underwater explosion 
waves, and in the establishment of an order of 
merit among explosives with respect to damage 
power, the pressure-time curves and peak 
pressure-distance curves of the shock waves 
produced by the explosives ve of primary 
importance. While experimental techniques have 
been sufficiently developed so as to lead to the 
accumulation of a large body of reliable data, 
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there exists a need for more flexible and 
convenient theoretical methods of analysis of 
the problem. 

The theoretical analysis of explosion waves in 
air, water, or in other media characterized by a 
well-defined equation of state, involves the 
integration of the hydrodynamic equations 
subject to initial conditions determined by the 
explosive source and subject to the Hugoniot 
conditions at the shock front. It has been seen, 
for the case of blast waves in air, that the point 
source model is insufficiently exact for a 
quantitative description of the shock wave and 
that a more realistic model of the explosion 
must be employed. A straightforward attack on 
the mathematical problem can be based on the 
numerical integration of the hydrodynamic 
equations. The complexity of this approach has 
thus far limited the procedure to a few special 
applications. The need for a more rapid and 
flexible theoretical method, based on 
well-defined approximations as necessary, is 
therefore dear. In the case of underwater 


explosions such a method, which has been 
extensively applied, has been developed by 
Kirkwood and Be the 8 . Brief reference was made 
to their theory in par. 13-7. It is described in 
detail, with the results of calculations, by 
Cole 13 . 

Underwater explosion waves are simpler to 
treat than blast waves in air sin^e the relatively 
small entropy increment produced at the shock 
front permits the use of the approximation of 
adiabatic flow. This approximation cannot be 
employed for blast waves in air. Kirkwood and 
Brinkley 3 have described a theory of 
propagation of one-dimensional waves— i.e., 
plane, cylindrical, or spherical— that takes proper 
account of the finite entropy increment in the 
fluid resulting from the passage of the shock 
wave. It also permits the use of the exact 
Hugoniot equation of the fluid and is in this 
respect superior to treatments for air based or 
the use of ideal gas isen tropes with constant heat 
capacity, an approximation that fails badly near 
the explosion. The treatment is based upon a 



Figure 1348. Pressure- time Curves of Shock Wave in Water \ Showing Dissipation at the 
Front as Described by Kirkwood and Bethe 
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similarity restraint imposed upon the 
energy-time curve of the wave. The theory 
results in the formulation of a pair of ordinary 
differential equations which can easily be 
integrated by numerical procedures. A similar 
approach has been employed by Kirkwood arid 
Brinkley 3 for the shock wave generated in an 
infinitely, long cylindrical charge with a 
detonation wave progressing at constant velocity 
in the axial direction. In this paragraph the 
theory will be described for the spherical wave. 

The equations of hydrodynamics for radial 
flow in the absence of viscosity or heat 
conduction can be written in the usual Eulerian 

form lW t 

pc 2 \dt l 

(13-43) 

du 1 /3p\ 
dt + p \3r/ 

where p is the excess pressure, u is the particle 
velocity, p is the density, and r is the radial 
space coordinate whose origin is at the center of 
the explosion. The sound velocity c is defined 
by c 2 * (3p/3p) t . These equations are 

supplemented by the entropy transport equation 
which we do not employ explicitly. The 
conservation of mass for radial flow requires 
that 

r(r Q ,t) 

•^oPo = 47T f p(r\t)(rf dr' (13-44) 

J r(o.t) 

Where r(r o ,t) is the Eulerian space coordinate of 
the material particle whose Eulerian coordinate 
was r o at t = 0, and where p o is the constant 
density of the fluid at t ® 0. Differentiating Eq. 
13*44 with respect to r Q at constant t , we obtain 
the Lagrangian equation of continuity for 
spherical symmetry 

^2 

(13-45) 


Also, by definition . 

u A 



3 u l r 2 \3p _ 
dt \p o r%)dr 0 ° 


(13*47) 


where we now understand the independent 
variables to be r o and t. Eqs. 13-47 are of hybrid 
form in that the Eulerian form of the equation 
of continuity is retained. They are supplemented 
by the entropy transport equation and by the 
equation of state of the fluid, and they are to be 
solved subject to initial and boundary conditions 
specified on a curve in the (r 0 ,t)-p\ane and to 
the Hugoniot conditions, Eqs. 13-36 


P, = Po “l U 

= U (1 - ft V 1 ) 


It, - K = (p, / 2)(v 0 + Uj) 


(13-48) 


ip is the pressure in excess of the pressure p 0 of 
the undisturbed fluid) which are to be satisfied 
at the shock front. Eqs. 13-48 are compatible 
with Eqs. 13-47 and specified boundary 
conditions only if the shock front follows an 
implicitly prescribed curve R(t) in the 
(r 0 ,^-plane. 

We denote a derivative in which the shock 
front is stationary by 


_d_ 

dR 


1/3 


U\dt 


(13-49) 

f l w VVi 
where the subscript unity means that the 
quantity so designated is to be. evaluated at the 
shock front. If this operator . applied to the 
first of Eqs. 13-48, one. stains die relation 


+ u\ 


L ji ApV 

L^Wi' 


du 


i - 


p ± ^ L 

Ud Pl 


(13-50) 


(13-46) 


In terms of the Lagrangian space coordinate r 0 , 
Eqs. 13-43 can be written 


where the partial derivatives are to be evaluated 
at the shock front and where the function g is to 
be calculated from the Hugoniot relations. 

When specialized to the shock front r « r o =* 
E, Eqs. 13-47 become 
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fti /3tA + 1 /dp\ 

Po \ 9 7i + Pl C l\ dt Jl 



R 


(13-51) 


Eqs. 13-50 and 13-51 provide three relations 
between the four partial derivatives —p/dt, 3 p/dr y 
du/dt , and du/dr—ti\ 1 evaluated at the shock 
front, with coefficients that can be expressed as 
functions of excess peak pressure alone for given 
ambient conditions, by means of the Hugoniot 
equations and the equation of state of the fluid. 
If they could be supplemented by a fourth 
independent relation, it would be possible to 
solve algebraically for each of the partial 
derivatives as a function of p and R and, with 
the aid of Eq. 13-19, to formulate an ordinary 
differential equation 



U \dtj 


= F(p,R) 


(13-52) 


for the peak pressure p A of the shock wave as a 
function of the distance R and also to obtain the 
initial s?ope of the Euler pressure-time curve 
of the wave. 

It is, of course, futile to seek such a fourth 
relation that does not itself involve an integral of 
Eqs. 13-47. It is possible, however, to formulate 
a relation of the desired type that requires only 
a knowledge of the form of the energy-time 
curve of the shock induced flow and that is 
insensitive to changes in form attending the 
propagation of the wave. By imposing a 
similarity restraint on the energy-time curve, an 
approximate theory of propagation is obtained. 

The physical basis for the supplementary 
relation derives from the fact that the 
nonacoustic decay of waves of finite amplitude 
is closely associated with the finite entropy 
increment experienced by the fluid in passing 
throutfi the shock front and the resulting 
dissipation of energy. As the shock wave 
propagates through the fluid, it leaves in its path 
a residual internal energy increment determined 
by the entropy increment produced in it by the 
passage of the shock wave. In consequence, the 
energy propagated ahead by the shock wave 
decreases as the distance it has traveled from the 
source increases. 


In par. 13-3, it was shown that the shock wave 
energy E(R), defined by Eq. 13-15 

E(R) = 47 r I r 2 pudt (13-53) 

rjR) 

(in this paragraph p denotes the excess pressure) 
is related to the Hugoniot properties at the 
shock front by the ordinary differential 
equation 

dD o 

— = -4irR 2 p 9 Ah(p x ) (13-54) 

where &h(p ) is the specific enthalpy dissipated 
at a shock front whose peak pressure is p x . The 
integral of the energy-time curve is expressible 
through Eq. 13-54 in terms of the peak 
pressure-distance curve of the shock wave for 
distances beyond R by Eq. 13-54. The 
dissipation assumption does not violate 
conservation of momentum since, through 
spreading of the wave, the total momentum can 
remain finite while the particle velocity 
everywhere and the total kinetic energy tend to 
zero. The dissipation assumption breaks down if 
the first shock wave can be overtaken by 
secondary shocks built up in its wake. This will 
not occur if the pressure-time curve is initially 
monotonically-decreasing with asymptotic value 
p o . If the excess pressure has a negative phase, 
second shocks may develop in the negative 
portion of the wave but they cannot overtake 
the initial positive shock. In this case, the theory 
will apply to the positive portion of the wave if 
the line integral of Eq. 13-53 is extended to the 
time at which the excess pressure vanishes, 
instead of to infinity. 

the energy-time curve can now be expressed 
in reduced form as follows: 

E(R) » 4*R 2 jp, u t ne 

i.-Pu r vl 

f 1 l?* J 

i /dp\ 2_ /?*A 

P, Wi u x Wi R ' (13-55) 

e f{R,r)dr 

r - (t- t.(R)]lv 
f{R,r) « r 7 p u /(r^p, 
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The function f(Rj) is the energy-time 
integrand, normalized by its peak value at the 
shock front, expressed as a function of R and a 
reduced time which normalizes its initial slope 
to -1, if fi does not vanish, i.e., 

m o) = i 
wm T . 0 = -1 

We assume f to be a monotonically-decreasing 
function of r . Elimination of p between the first 
two of Eqs. 13-55 yields the desired 
supplementary relation between the partial 
derivatives at the shock front. It, of course, 
involves integrals of Eqs. 13-47 for a knowledge 
of the reduced- energy- time function. However, 
if f(q o ,t)-u o is initial charge radius— is initially a 
monotonically-decreasing function of r, f(R j) 
will remain so and will, at large R, become 
asymptotically a quadratic function of r 
corresponding to the linear form of the 
pressure-time curve shown by Kirkwood and 
Bethe 8 to be asymptotically stable. This means 
that e is a slowly varying' function of R for 
which a sufficiently accurate estimate can be 
made without explicit integration of the 
equations of hydrodynamics. 

The initial pressure-time curve and energy-time 
curves of an explosion wave are rapidly 
decreasing. An expansion of the logarithm of the 
function in a linear Taylor series in the time, the 
peak approximation, is appropriate for an initial 
estimate of e. This corresponds to an 
exponential f(r ), independent of R 

e = 1 

For the asymptotic energy-time curve of 
quadratic form corresponding to a linear positive 
portion of the pressure- time curve 

/ - <1 -r/2) 2 , r <2 
f = 0,r > 2, <? « 2/3 

As an empirical interpolation formula between 
these two limiting values, Kirkwood and 
Brinkley 8 have employed the relation 

e(p) = 1 - i exp[-p/p 0 ] (13-56) 

3 

When the four relations expressed by Eqs. 
13-50, 13-51, and 13-55 between the four 


partial derivatives dp/dt, bp/dr, du/dt, and Bu/dr, 
all at the shock front, are combined with Eq. 
13-52; we obtain an ordinary differential 
equation 

dp D ef? 2 

~ m(p,) = - 4tt — p? n(p,) 

(13-57) 

2G(1 -Po/Pi -'l + 4p„/Pi 
2(1 + si -G 
G(1 -Po/p,) 

2(1 + g ) - - G 

1 - (p 0 U/p l c 1 ) 2 

which is to be solved simultaneously with Eq. 
13-54. The constants of integration are the 
initial value of the peak pressure, the evaluation 
of which is discussed in par. 13-7, and the 
energy E(a o ) delivered to the shock wave; For a 
shock wave in air, this quantity may be taken 
equal to the energy of explosion since 
substantially all of the explosion energy is 
dissipated by the shock wave. For an underwater 
shock wave, it can be .assumed for a priori 
calculations that 50 percent of the energy of 
explosion is transferred to the initial shock 
wave, the remainder being transmitted as 
secondary pulses by the oscillation of the 
bubble. These equations can also be employed 
to extrapolate an experimental peak 
pressure-distance curve to distances nearer to or 
farther from the explosion than those covered 
by the experiments. In this application, the 
constants of integration are chosen from 
experimental Values of p t and of dp, /dR at 
some value of R. 

The Eulerian time constant 6 of the 



where 
m(p,) = 

n(p t ) = 
G = 


Using Eqs. 13-50, 13-51, and 13-55, we obtain 


1 

0 


2 ui 
R 


a(p,) + 4 7T 


eR 2 PPx 
D 


b(p t ) (13-59) 
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where 

a(P ,) = b(p,) 

t 2(Pjgi) - 1 

(1 - Po/Pi)[2(l + g> - G] 


b(P,) = 


(Pi/Po)(l +g) - (Pi/Po - 1)0 
2 (1 + *) - G 


For the peak approximation, the positive 
impulse I is given'by Eq. 13 : 22 


I = p,0 (13-60) 


where 



and where we have already defined 


m(gJ 


. 2G(1 - P 0 /Pi) +. 4p 0 1 Pi 
2(1 + *) - G 


For the asymptotic linear pressure-time curve, 
the positive impulse / is given by Eq. 13-23 

1 = i-P,0 (13-61) 

Kirkwood and Brinkley 3 have interpolated 
between these limiting values by means of the 
empirical formula 

1 * { 1 - T ex P t- P,/Po)jp,e (13-62) 


an expression that has no theoretical 
justification and of which the form was chosen 
to give agreement with experimental values of 
the positive impulse. 

It is convenient for shock waves in air to 


express the excess peak pressure in units of p o 
arid the distance in units of the initial charge 
radius a . Therefore, we /define 

O 


£ = PjPo 
£ = R/a 0 


(13r63) 


We also define a reduced energy variable £ by 




where c o and y o are the sound velocity and heat 
capacity ratio, respectively, of the undisturbed 
air. With these definitions, Eqs. 13-54 and 13-57 
can be written 


§:+!«&>- < 13 ' 65 > 
f = - 


with 


din U 
dinp, 



The normalization of these functions has been 
so arranged that 


Eim (£■+()) m(p) 
Lim (£ -> 0) F(p) 
Lim (2 - 0) ftp) 


1 

3/2 

1 


(13-66) 


For shock waves in water, it is convenient to 
retain the definition of the reduced distance £ 
but to define 


£ - P,/B 


3k 3 { D \ 

ir(K + 1) y* nj PoJ 


(13-67) 


where B and k are parameters of the Tait 
equation of state 

P * [0 (pipof - 1] 


With these definitions, Eqs; 13-54 and 13-57 
reduce to Eqs. 13-65 with the quantity y o 
replaced by the quantity k . In this form, the 
normalization leading to Eqs. 13-66 is preserved. 

The propagation equations can be stated in 
another reduced form that is particularly useful 
for the discussion of scaling. We have defined a 
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characteristic length X by Eq. 13-27, which we 
write in the form 


X = (Wq'/fo ) 113 


(13-68) 




3 a 


Mlo * 1) 


(11 


(13-69) 


SL. 

dZ 


z 




(13-70) 


For the shock wave in air, where all of the 
energy of explosion may be assumed to be 
dissipated in the shock wave, the initial value of 
1C can be calculated with D/(Wq') * 1. For .an 
underwater shock wave, an approximate initial 
value can be obtained D/(Wq') = 1/2 (and with 
y o replaced by k). 

For numerical integration, it is convenient to 

let n _ 

x « ftnfl 


P * Rj) 

Q = D/(R&) 
x * ZtiZ 
P * Z £ 

Q - XtfZjgJ 


(13-71) 


(13-72) 


Then both Eqs, 13-65 and Eqs. 13-70 can be 
written 

dZnP P 2 

—— =1 -m( £ )~—eF(E) 


(13-73 v 


dXnQ 

dx 


= m(p) - 1 + 


£ - aw } 


In view of Eqs. 13-66, and recalling that e-»2/3 
asp «► 0, the asymptotic form of Eqs. 13-73 is 


where W is the weight of the explosive charge 
and q' is the energy released by unit weight of 
explosive. We also define a new reduced energy 
variable K by 


dP 
dx 

S-o 

dx 


11 

Q 


(13-74) 


Their solution can be written 


■ 1/2 


In terms of a reduced distance Z * J?A, the 
propagation equations can be written 


P - P, [ft n(R/R,))‘ : 

Q= 2 Pf 

where R, and P, are constants These results are 
in accord wiih those obtained by Kirkwood and 
Bethe* for the asymptotic non acoustical decay 
of spherical waves of finite amplitude. 

In terms of the reduced distance and the 
reduced energy variable J2» the first of Eqs. 
13-59 can be written 


ife) -P* * f 


B( £ ) (13-75) 


where 


A(R) 

B(2) 


( u i/c 0 ) “(£) 

In terms of the reduced distance Z and the 
reduced energy variable K, the same equation 
has the form 


j=j? A (e > +| 


w 


B(£) (13-76) 


where r is the characteristic time that has been 
defined by Eq. 13-27 . These expressions are 
applicable to shock waves in water if the heat 
capacity ratio y o is replaced by the exponent k. 

Kirkwood and Brinkley 3 , in a calculation 
cited by Cole 1 3 , have employed the propagation 
theory described in this paragraph to extrapolate 
the experimental peak pressure-distance curve, 
shown in Fig. 13-17, for the underwater 
explosion of TNT, to distances cloter to the 
charge. The results of the calculation are shown 
in Fig. 13-19. The calculated peak pressures are, 
as is to be expected, in good agreement with the 
experimental values, although it & significant 


c 
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that the theory is able to reproduce the 
experimentally observed rate of decay of peak 
pressure over the whole experimental range. The 
extrapolated value of the shock wave energy at 
the surface of the explosive is 561 cal/g, which is 
in excellent agreement with the experimental 
value of 580 cal/g and which constitutes a 
significant test of the reliability of the theory 
for underwater shock waves. 

Kirkwood and Brinkley 3 and Makino 15 have 
employed the theory to carry out a complete a 
priori calculation of the shock wave parameters 
for the blast waves produced by TNT and 
Pentolite. Their calculations employed a 
Hugoniot curve for air that has been made 
obsolete by more accurate thermodynamic data 
and, in consequence, their results are somewhat 
inaccurate. The calculations have been repeated 
by Shear and Wright 16 , using an accurate 
Hugoniot curve for air. Unfortunately, these 
authors evaluated only the peak 
pressure-distance curve and do not report values 
of the impulse. In Figs. 13-20 and 13-21, we 
reproduce the peak pressure-distance curves for 
TNT aind Pentolite that were calculated by Shear 
and Wright 16 .- For illustrative purposes, we 
reproduce the impulse-distance curve of 
Makino 1 6 for Penolite, Fig. 13-22, even though 
the experimental data shown in that figure are 


not the latest values and the theoretical curve is 
not based on the same Hugoniot curve as that 
employed by Shear and Wright. These curves 
have not been adjusted in any way by the 
experimental data and the good agreement 
between experiment and the theory indicates 
that the approximate propagation theory 
provides a description of the shock wave that is 
of acceptable accuracy. 

13-9 SHOCK WAVE SCALING 

Three different -types of scaling procedures are 
involved in the application of theoretical or 
experimental determinations of \ wave 
parameters to the prediction of «hc actual 
effects of explosives. These involve scaling as to 
the size of the explosive charge, as to the 
ambient conditions of the undisturbed medium, 
and as to the nature of the explosive. Rulos for 
the first we easily derived from the fundamental 
hydrodynamic equations. Rules fdr the second 
and third cannot be deduced apart from a 
description of the explosion. It it can be 
assumed that the approximate propagation 
theory is of adequate accuracy, the discussion is 
simplified since the propagation theory defines 
the information that is required about the 
explosion. In this paragraph, we assume it to 



Figure 13-19. Peak Pressure-distance Curue for the Underwater Explosion of TNT as 
Calculated by Kirkwood and Brinkley 
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have been established that the point source 
model of the explosidn is insufficiently accurate 
i for shock waves generated by chemical 
explosives and that the approximate propagation 
theory described in the preceding paragraph 
provides a description of the shock wave that is 
sufficiently accurate fof practical purposes. 

The solution of Eqs. 13-65 and 13-75 can be 
represented by the expressions 

P, = Pj\R • £ (“a), 0 (a 0 );Pc,T 0 ] I 


D= alf 2 [R; £ (a 0 ),U(aJ;p 0< T < ,) 


(1.3-77) 


8 = a 0 f 3 [^;£(a 0 ),n(a»);P»,T o ] 


and it follows that the impulse is of "lie form, 


/ - a 0 p 0 f 4 lR; £ (a 0 ),U(a 0 );p 0 ,T 0 ] (13-78) 

where / Jf f 2 , etc., are functions whose foim is 
determined by the . actual solution of the 
equations, and where we indicate the 
dependence of the shock wave parameters on (1) 
the reduced distance = R/a o ; (2) the constants 
of integration* the initial reduced excess peak 
pressure £ (a o ), and reduced shock wave energy 
U ( a Q )i and (3) the ambient conditions of the 
medium which we describe by the ambient 
pressure p o and temperature T p . Alternatively, 
the solutions of Eqs. 13-70 and 13-76 can be 
symbolized by 

Pr~ Po gi[Z;£fa 0 );p 0t T 0 ] 

D= Wq g 2 [Z i£fa 0 ); p 0y T 0 ] ( 13 - 79 ) 

e * (Wq'/Po) lls Co 1 g 3 
[Z ;j>(a 0 );p 0 ,T 0 ] 

and it follows that the impulse is of the form 


MW'i') 1 * pV 3 ei g A [Z ; g(a 0 );p 0 ,T 0 ) (13-80) 

where g 2 , etc., are also functions whose form 
is determined by the actual solution of the 
equation, but where we need to indicate their 
dependence only on the integration constant 
£(a o )t since the initial value of the reduced 
energy variable K can be taken to be a constant. 

For shock waves from explosive charges of 
different n ize but of the same explosive in the 
same medium at the same ambient conditions, 


these solutions can be symbolized by the 
simplified expressions 


Pr F,(R/«o) = G(R/W x ») 

D - a 3 F 2 (R/a 0 ) = WG(R/W lla ) 

6 = a 0 F 3 (R/a 0 ) = W 1 ' 3 G(R/W 1IZ ) 
I = a 0 F A (R/a 0 ) * W il3 G(R/W 113 ) 


(13-81) 


Eqs. 13-81 are a statement of the usual rules for 
geometrical scaling. They state that the 
quantities p t , D/a 3 , Q/a o , and I/a are similar 
when presented as functions of the reduced 
distance R/a , or alternatively that the 
quantities p,° } D/W, 6/W 1/3 , and I/W 11 * are 
similar when presented as functions of the 
distance variable R/W 1,3 . 

The functions on the Hugoniot curve in the 
integrands of Eqs. 13-70 and those defined in 
connection with Eq. 13-76 are functions riot 
only of ihe reduced excess peak pressure £, but 
also, in general, of the ambient state of the 
medium which we have designated by p o and 
T o . If the medium is a polytropic gas or if it can 
be described by an equation of the form of the 
Tait equation, as is the case for water, it is easy 
to show that the functions on the Hugoniot 
curve of Eqs. 13-70 and 13-76 are universal 
functions of the reduced excess peak pressure p 
and do hot depend explicitly on the ambient 
state of the medium. Tn this event, Eqs. 13-79 
and, 13-80 can be simplified to 

p,= Pogiiz ;£.(“<,)] 

D= Wq'gzlZ ;£_<“<,)] 

} (13-82) 

0 » (Wq'/pJ 113 c; 1 g z [Z;ji(a 0 )\ 

1 = fWq ') 313 pV 3 c‘q g,[Z ;j>_(a 0 )] 

Since the Tait equation provides a satisfactory 
equation of state for water, the scaling implied 
by Eqs. 13-82 can evidently be employed for 
shock waves in water. It has been shown by 
actual calculation that the propagation 
equations for shock waves in air can, as a good 
approximation, employ a polytropic equation of 
state to evaluate the functions appearing in Eqs. 
13-79 and 13-80, provi v 1 the evaluation of the 
constant of integration /(aj is based on the 


13-37 


r 

i 


u 




C‘‘ 



j 

| 

i 


t 


i 

i 

i 

| 

1 

I 


s 

i 



| 


AMCP 706-180 


actual Hugoniofc curve for air. This result, which 
can properly be termed a “numerical accident”, 
means that the scaling implied by Eqs. 13-82 is a 
good approximation for shock waves in air. 

It is a widely adopted practice to represent the 
shock wave parameters for some particular 
explosive by defining an “equivalent weight” of 
a reference explosive, usually TNT. It is then 
assumed that the shock wave parameters of the 
explosion of interest are those for the explosion 
of the equivalent weight of the reference 
explosive, in the same medium at the same 
ambient conditions. If peak pressures are shown 
for the explosion of interest, the equivalent 
weight may be evaluated by matching such 
pressures with those for a fixed weight of the 
reference explosive. The equivalent weight is 
property defined by energy considerations based 
on Eqs. 13-82. 

The description of the shock wave from an 
explosion by the statement that it can be 
represented by the shock wave from an 
equivalent weight of a reference explosion 
assumes that Eqs. 13-82 can be approximated by 

Pr Pogi(Z) 

D - Wq’g 2 (Z) 

0 * (Wq'/pjw c? g 3 (Z) 

1 * <W; X/3 Pl 13 Co 1 gi(Z) 

This approximation is valid if tire value j)(a o ) is 
the same for both explosions or if the shock 
wave parameters are insensitive to this constant 
of integration. Because of the phenomenon of 
dissipation at the front, discussed in par. 13-7, it 
turns out that the parameters of the shock wave 
in air lor shock waves of equal energy are quite 
insensitive to the value of the initial shock wave 
pressure. Eqs. 13-82 are thus a reasonably good 
approximation to Eqs. 14-82 provided the initial 
shock wave pressure of the explosions being 
compared are of the same order of magnitude. 
For such cases, the description of the effect of 
the explosion by that of an equivalent weight of 
a reference explosive is then a valid procedure. 
The procedure becomes invalid for widely 
different values of the initial shock wave 
pressure. For shock waves in water, the shock 
wave parameters are much more sensitive than in 
air to the initial shock wave pressure because of 


the relatively smaller dissipation of energy at the 
shock front. The range of utility of the concept 
of a weight equivalent of another explosive is 
correspondingly more limited. 

Sachs 14 has based a procedure for scaling 
shock waves in air to different ambient 
conditions on the assumption that the blast 
wave parameters depend dominantly on the 
energy of explosion. This scaling procedure is 
also implied by Eqs. 13-83. However, the initial 
shock wave pressure J>(a o ) is not, even 
approximately, independent of the ambient 
conditions, and Eqs. 1*3-83 are not, strictly, a 
good approximation to Eqs. 13-82 for scaling 
explosions with the same explosive as to changes 
in the ambient conditions of the medium. 

In spite of this conclusion, Sachs scaling is 
expenmentally verified as a procedure having 
asymptotic validity. This asymptotic validity is 
the result of the insensitivity of the shock wave 
parameters to the initial shock wave pressure. At 
points close to the explosion, deviations must be 
anticipated from the predictions of the Sachs 
scaling procedure. 

13-10 EXPLOSIVELY-PRODUCED SHOCK 
WAVES IN SOLIDS 

There is an extensive literature covering the 
response of solids to explosive loading. Reviews 
have been given by Duvall 2 ® and by 
McQueen 27 . In most of the work the explosive 
has simply been used as a tool to provide loading 
of the solid at high stresses and high strain rates. 
The development of explosive plane wave 
generators has made it possible to produce plane 
detonation waves in solid explosives, and these 
plane detonation waves have been used to 
produce shock waves in solid samples under 
conditions of uniaxial strain. When the explosive 
is in direct contact with the solid, shock wave 
pressures of the order of 10 5 atm and strain 
rates of the order of 10 6 sec" 1 are typically 
produced in a solid. The simple uniaxial strain 
conditions make it relatively easy to calculate 
the developing shock waves and flow fields, 
using the standard computational techniques 
discussed earlier and in Chapter 14, e.g., the 
artificial viscosity method of von Neumann and 
Richtmyer 10 . 

The detailed response of a solid to explosive 
loading is, of course, a function of the material 


j (13-83) 
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properties. In general, the constitutive equation 
for the material must be known, and this 
depends in turn on the microscopic properties of 
the material. For example, in a metal the stress 
history due to explosive loading with a given 
explosive will depend on i ^ch things as the stress 


dependence of the mobile dislocation density 
and mobility 28 . 

Thus, explosively-produced shook waves are 
currently serving as productive tool* for 
investigating both macroscopic and microscopic 
behavior of solids undergoing rapid loading. 


0 ,. 
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CHAPTER 14 COMPUTER PROGRAMS FOR EXPLOSIVE CALCULATIONS 


14-1 INTRODUCTION 

A great many large-scale computer programs 
have been developed for handling explosive 
calculations. This chapter presents a discussipn 
of tne types of problems solved and some of the 
techniques used to solve them. The relative 
advantages of the techniques are described and 
several general-purpose computer programs, or 
codes, are referenced. 

Stress wave computations analyze the 
detonation of an explosive, expansion of the 
products, and propagation of resulting stress or 
shock waves into adjacent materials. Three 
elements are required for these calculations: (1) 
hydrodynamic* calculations— a procedure for 
following the progress of a shock or stress wave; 
(2) equation of state of the reacted, unreacted, 
and inert materials; and (3) a mathematical 
model of the reaction process— a procedure for 
following the transformation of the explosive 
from unreacted material to explosive products. 
These three elements will be described 
separately in the chapter, although they may be 
interwoven in computer programs. Computer 
programs are available which handle all three 
aspects of wave propagation; others deal only 
with the construction of an equation of state for 
the explosion products. 

14-2 METHODS OF HYDRODYNAMIC 
CALCULATIONS 

14-2.1 INTRODUCTION 

A number of well-developed procedures are 
available for solving problems of wave 
propagation. Each is a technique for integrating 
the governing set of differential equations. These 
equations are the flow equations, representing 
conservation of mass, momentum^ and energy, 

* “Hydrodynamic” refers here to computations 
providing for the conservation of mass, momentum, 
and energy in the flows. Originally, these 
computations dealt with pressure, not stress, and so 
were hydrodynamic. More recently material strength 
has been added f.o many calculations, but the name 
has not changed. 


plus the associated equations of state and the 
reaction mechanisms. 

The two most popular techniques are the 
methods of characteristics and of artificial 
viscosity. Several subcategories are available 
under both of these methods. The procedures 
are outlined in the discussion which follows and 
their appropriateness for certain types of 
problems is discussed. The description is not 
given in sufficient detail for guiding a 
computation, but is only intended to indicate 
the nature of the computation, point out 
inherent weaknesses of the methods, and 
anticipate some of the difficulties in each 
approach; the references contain details of the 
procedures. 

14-2.2 METHOD OF CHARACTERISTICS 

In the method of characteristics the governing 
differential equations are integrated along 
certain preferredtlines, called characteristic lines, 
in the distance-time (x,f)-plane for 
one-dimensional flow. The characteristics are 
surfaces for problems depending on two space 
dimensions and the time, and hypersurfaces for 
three space dimensions. The characteristics 
derive their import ance from the fact that the 
governing set of equations may be converted 
into an equivalent set, each member of which 
contains only derivatives in one of the 
characteristic directions. Hence, problems in 
wave propagation can be solved by integrating 
this second set of equations along the 
characteristic lines. The lines correspond to the 
motion of wave fronts or particles in the 
(oc,£j-plane and therefore have physical as well as 
mathematical significance. Shock waves do not, 
in general, travel along characteristics; therefore, 
a separate treatment is usually required for 
shocks. A complete solution is produced by 
combining the characteristic and shock 
calculations. 

We collect here— from Eqs. 2-113, 2-104, 
2-103, and 2-108— the mass and momentum 
equations for one-dimehsional plane flow, 
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expressed in Eulerian* variables, together with 
the equations that depend only on material 
properties but not on geometry: 


(m»«) (14*1) 




• 0 for iwntroplc flow 


p « p(p,t i n l ..n r 


(momentum) (14-2) 


(enerfy) ( 14 * 3 ) 


(reaction) ( 14 * 4 ) 


(entropy) (14 ; 5) 


(eq.ofiUle) (14-6) 


where x is the Eulerian space coordinate, u is the 
particle velocity, R ( is the reaction rate, p f is the 
chemical potential, n ( is the mole number, and S 
is entropy. The total derivatives refer to 
differentiation along a particle path. 

As noted in par. 2-7 the three characteristic 
directions are 

— * u +c; — = -c - u (14-7) 
dt dt dt v n 

where c is the isentropic sound speed. The 
differential equations along the first two 
characteristic directions are obtained from Eqs. 
14-1 and 14-2 (see Courant and Friedrichs 1 , p. 
82)** 


dp + pcdu 


dp - pcdu 


= + ?($:),, dK > i 


* Eulerian variable* form a fixed grid in space; the flow 

move* put them. By contrast, a Lagrangian 
coordinate system moves with the particle* of the 
flow. 


Here p, the pressure, is related to p and e by 

•* ...... <«> 

The is a reaction coordinate, varying from 0 
to 1 as th ej-th reaction goes to completion Eqs. 
14*3 through 14-6, together with the path 
relations, Eqs. 14-7, comprise a complete set for 
the solution of reactive flow problems in the 
absence of shocks. The shock fronts are treated 
using the Hugohiot jump conditions, Eqs, 2-133 
and 2-134 1 , together with the equation of 
state. Two numerical procedures for integrating 
the equations and solving for the flow are 
presented: the Nassau and the Harixee methods. 
The discussion here pertains only to points 
within the flow, not along the initial 
characteristic or on boundaries,, (The reader is 
referred to Courant and; Friedrich/) 1 ., Chou, 
Karpp and. Huang 2 ,’ Hartree 3 , and fyjeyej? for 
more complete treatment.) 

The Magsau computational procedure (see 
Meyer 4 ) is -explain u with reference to Fig. 14-1, 
a set of timfr&timce diagrams for flow, 
titles w/ith positive slope ip fig* 14-t(A) are 
characteristics for which dxlti£ - u ~ c; the 
others are for u -c. The so ” via is obtained at 
the intersection points wf these two 
characteristics. Because the sloj&ti depend on the 
flow variables, the grid is cvh&mited: (in the 
numerical order of the points) ecu ;cr rently with 
the computation. Fig, 14-1(B) slioi s,a typical 
intersection at point D of all three 
characteristics. An iteration scheme is adopted, 
to define the location (x } t) and thermodynamic 
state (p, u, e, c) at point D. First, u and c are 
estimated at D; X D and t D are computed and 
the thermodynamic properties at B are found by 
interpolation between those at A and C. Then 
the characteristic equations (Eqs. 14-8), energy 
equation (Eq. 14-3), and reaction rate equation 
(14-4) are integrated, taking into account the 
equation of state (Eq. 14-6), to obtain improved 
values of the six quantities at point D. This 
integration is repeated until the differences 

**The reaction terms on the right hand side are 
obtained from works such as that of Stanyukovieh 52 . 

•j* If the reaction is presumed to occur at the shock 
front, the energy equation becomes 

e 1 =e 0 + ?(P 1 +P 0 )(v 0 -i\)+ Q. 


) 
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between the quantities on two successive cycles 
are less than a desired limit. 

One disadvantage of the Massau technique is 
the lengthy iteration in space and time to locate 
tlie intersection point D. The Hartree 3 
technique simplifies this problem by choosing all 
the grid points on constant time lines as shown 
in Fig. 14-2. The known points are A , B, and C. 
The point D is on the particle path from B. 
'Points A' and C‘ are found by extending the 
estimated characteristic lines back to the time 
associated with A , £, and C. After locating 


points D , A' smd C' approximateiy^the iteration 
proceeds as in the Massau technique. The 
Hartree method has two distinct advantages over 
Massau’s: 

(1) Computations ocour at constant 
times, thereby imposing a natural order on the 
computations. 

(2) information is obtained along particle 
paths. These data are directly comparable to 
records from embedded gages which move with 
the material. 

Comparison computations suggest that the 



(A) GRID FOR A RIGHT-MOVING WAVE 



(B) GRID FOR MASSAU COMPUTATION SCHEME 

Figure 14-L Typical Characteristic Grids in the Distance- time Plane 
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errors from the two techniques are similar (see 
Chou., Karpp, and Huang 2 ). 

If shocks occur, their tr auctions in the 
(x,t )- plane must be constructed during the 
computation. Thermodynamic state variables on 
either side of the shock linesare computed from 
the Hugoniot jump conditions. Normally, the 
starting point of each shock trajectory must be 
anticipated by the programmer; special provision 
must be made for each possible occurrence and 
disappearance of a shock front. If the 
computation begins with a strong shock, as in ah 
impact, the shock is easily followed. If a shock 
develops or disappears, as in a transition from 
deflagration to detonation, then the 
computations are much more difficult and the 
shock location is established by trial. 

For computational purposes, a shock is 
assumed to be initiated at a point where two 
successive characteristic lines of the same sign 
intersect. To avoid the computational 
difficulties associated with the presence of 
shocks, approximate procedures are sometimes 
used to eliminate these intersections. In the NIP 
code of Lamboum and Hartley 6 the lower 
pressure characteristic is simply discarded. 
Another approach is to average the sound 
velocities of the intersecting characteristics to 
produce a pseudo-characteristic; this is the 
weak-shock analysis of Friedrichs 6 , Whitham 7 , 
and Blackstock 8 . 


Because of the inherent complexities 

introduced by the presence of shocks, a quite 
different technique for using the method of 
characteristics has been developed. In this 
approach, exemplified by the Stress Wave 
Analyzing Program (SWAP) computer program 
(see Barker 9,10 ), all waves are represented by a 
series of shock waves. Hence, the Hugoniot jump 
conditions are used throughout the fof^-plane, 
replacing the differential equations for 

continuous flow, Eqs. 14-1 to 14-8. The grid 

used is similar to that for the Massau technique. 
The isentropic sound speed c is replaced by 
shock speed U for defining the directions of 
characteristics. SWAP is rare among 

characteristics codes, because it is designed to 
treat a wide variety of one-dimensional problems 
(radiation deposition, plate impact, and 
detonation). Shock trajectories are located by 
the program; they do not need to be 
pre-positioned by the programmer. The current 
program (SWAP-9) does hot handle 
rate-dependent phenomena; hence reaction 
mechanisms are excluded, although a C-d 
detonation is permitted. 

For simplicity, this discussion has been.limited 
to planar one-dimensional flow. However, 
characteristics have been used for cylindrical and 
spherical one-dimensional problems (see Chou, 
Karpp and Huang 2 ), in two-dimensional planar 
problems (Barthel and Strehiow 11 ), in 
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Figure 14-2. Characteristic Grid for Hartree Computation Scheme 


AMCP 706*180 


two'dimensionai axially symmetric calculations 
(Richardson 12 ), and in three-dimensional flows 
(Chushkin 1 3 ). 

14-2.3 METHOD OF ARTIFICIAL VISCOSITY 

One approach to calculating wave propagation 
is to simply put the governing differential 
equations in finite difference fo'-m, and integrate 
numerically. Computations of this type 
generally lead to fictitious pressure oscillations 
hear discontinuities such as shocks. The 
amplitude of these oscillations may increase 
indefinitely with time, thus effectively 
terminating the computation. To reduce these 
oscillations and produce a stable scheme which 
could account for shocks, von Neumann and 
Richtmyer 1 4 suggested adding an artificial 
viscosity. The viscous stresses are significant 
only at shock fronts, and they act to smooth the 
shock fronts over several cells of the finite 
difference grid and reduce oscillations at the 
wave fronts. The artificial viscous stress is 
intrepreted physically as the difference between 
mechanical or external stress (which follows the 
Rayleigh line*) and thermodynamic stress 
(which lies on the equation-of-state surface) as 
shown in Fig. 14-3. 

Many types of artificial viscosity have been 
introduced*!" but in one-dimensional problems 
only the linear 1 6 and quadratic 1 4 forms are in 
general use. 

The linear and quadratic artificial stresses are 
given by 


n = % 


= 0 


|iL >0 

dx 


(14-11) 


= -pC L c 


(tv ] 


+ pC 


2 

Q V )xj 


AX' 


where p and c are density and, sound velocity, 
respectively; u is particle velocity; and AX is the 
grid spacing. The dimensionless coefficients, ( \ 
and Cq , which govern the amount of viscous 
dissipation, normally have values around 0.1 and 
2.0, respectively. The quadratic term provides 
dissipation only very near the shock front but is 
not very effective in eliminating small and 
low-frequency oscillations. Since the linear form 
does damp out oscillations but increases rise 
time excessively, it is usually advantageous to 
use a combination of both forms. Examples of 
the use of each form in impact calculations are 
shown in Figs. 14-4(A) and (B); note that the 
wave front remains steep with quadratic 
viscosity, while the oscillations die out quickly 
with the linear form. 

Finite difference computations have been 
based on Eulerian, Lagrangian, and hybrid 
formulations of the flow equations, and have 
treated one-, two-, and three-dimensional 
problems. For simplicity, the discussion of 
details of the computational procedure is 
restricted to one-dimensional, planar Lagrangian 
coordinates. For this geometry the material may 
be considered discretized into a large number of 
■cells in the directions of motion and with unit 
cross-sectional area. The computations then 
treat motion through this grid or array of cells. 
For the most stable and accurate results, the 
numerical integrations jure not based on the 
differential equations, but on integral forms of 
the conservation relations. These conservation 
relations are, in finite difference form: 


<0 (14-10) 
dx 


(velocity) 


(14-12) 


z 

AX 


* The Rayleigh line is a straight line in the Y/’.VJ-or 
(P,u)- planes connecting the initial state to a final 
shocked state on the Hugoniot curve. It is the locus 
of P t v or P,u states consistent with a single shock 
velocity. 

t Forms of von Neumann and Richtmyer 14 
Landshoff 16 , Langley 16 , and Lax and WendrofC 1 7 
are discussed by Frank and Lazarus 18 and by A.F. 
Ei/iery 1 9 . Richtmyer and Morton 20 describe the 
effective viscosity form of Godunov 21 and some of 
the above. Additional, more complex forms- are used 
for two- and three«dimcnsional problems 22 . 


(mass) (i4-13) 

U, « U 0 • At (momentum) (14-14) 

Ei » E q + (S + Q)(l/l) 0 -l/Di)+l qv t R, (energy) (14-1^*^ 

where Z is the constant mass per unit area of a 
cell; X and U are position and velocity of the 
cell boundaries, respectively; AX is the current 
distance between adjacent cell boundaries; D 
and E are density and internal energy, 
respectively; and S and Q are thermodynamic 
and artificial viscous stresses, respectively. The 
subscripts o and 1 refer to time t 0 and (t 0 + A f), 
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, AN EQUATION-OF-STATE PATH 


HUGONIOT POINT 


. RAYLEIGH LINE 


r— •- MECHANICAL STRESS 

ARTIFICIAL VISCOUS-STRESS 


“THERMODYNAMIC STRESS 


SPECIFIC VOLUME 


Figure 14-3. Paths Traversed by Thermodynamic and Mechanical Stress Through a Shock 
Front; Definition of Artificial Viscous Stress 


respectively. The quantities used for U, D, S, 
and Q y A S, A Q, and A t are chosen to provide 
ah accurate representation of the conservation 
laws; the differences between methods lie in 
these choices. 

The progress of computation is illustrated in 
the distance-time plane imFig. 14-5 which shows 
coordinate points (labeled C and O) and other 
points (labeled H and A). The flow and 
thermodynamic variables are computed at some 
or all of these points. Calculations proceed from 
left to right, one coordinate (set of A, C, H 
points) at a time, updating X, U, D , etc., to the 
hew time, t Q + At. When the right boundary is 
reached, computations begin again at the left for 
the next time increment. The simplest 
computation scheme is the leapfrog method of 
von Neumann and Richtmyer 1 4 in which 
density, energy, and stresses are computed at H 
points, particle velocity at coordinate C points, 
and X at A points. With this layout, the 
computed velocity equals U (the average 
velocity between times associated with X o and 
X.) in Eq. 14-12, the two derivatives in Eq. 
14-14 [bU/bt and 9(S + Q)/bX ] are centered at 
the same point, and the density calculation of 
Eq. 14-13 -is exact. The stress quantities in Eq. 
14-15 are averages at two H points for successive 


times, hence the stress at (t Q + At) must be 
known to integrate Eq. 14-15. For equations of 
state in which density is linearly related to 
energy, Eq. 14-15 can be solved simultaneously 
with the equation of state; For more complex 
equations of state, E and D are found by 
iteration, (see Brodie 23 for an example). 

Another integration procedure is typified by 
the two-step Lax-Wendroff method of 
Richtmyer and Morton 20 . In that, all flow and 
thermodynamic quantities are computed for 
both C and if points. The H points are treated as 
subsidiary, so the difference equations (Eqs. 
14-12 to 14-15) for those points are not 
required to be centered. The energy equation 
(Eq. 14-15) is directly integrable because (S + 
Q )' term is taken as the average of the stresses 
one-half time step earlier, and these are known 
at the time of integration. Hence, for complex 
equations of state, this two-step method has ah 
advantage over the leapfrog method. Because 
there are twice as many hydrodynamic 
computations in the two-step as in the leapfrog 
method, the computing tifne is longer for simple 
equations of state. 

Besides the leapfrog and two-step 
Lax-Wendroff integration schemes, there are 
several others which have been used successfully. 
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Among these are schemes due to Lax 24 (a 
method which uses second derivatives and only 
C joints in fig. 14-5), Lax and Wendroff 17,20 
yone-step with second derivatives), Godunov 2 1 , 
arid Seaman 26 (a double-leapfrog scheme 
combining; features from the two-step 
Lax-Wendroff and leapfrog methods). The 
double-leapfrog method allows direct integration 
of the energy equation, yet remains stable in the 
presence of boundaries and high density 
guauients, unlike the two-step Lax-Wendroff 
method. Wilkins 22 developed a two-dimensional 
version of the leapfrog scheme; this version is 
the basis of the general-purpose codes HEMP 
and PIPE 26 . Other practical two-dimensional 


schemes are those of Trulio 27 , Lax 24 * 
Rusanov 28 , and Herrmann 26 . 

in setting up the integration schemes for a 
computer program, the following general rules 
should be followed to avoid stability problems: 

(1) Centered, first order differences 
should be used to represent first order 
derivatives. 

(2) The time increment must be less thjrn 
AX/C for all cells (the Courant-Friedrichs-Lewy 
conditions 20 ). It should be much smaller (e.g., 
0.02 AX/C) for the first few cycles, and should 
be allowed to increase only gradually (e.g;, 20 
percent) at any step. 

(3) The artificial viscosity must be 



Figure 14-4(A). Stress Histories Generated in Tungsten by an Impact With C-7 Epoxy: 
Quadmtic Artificial Viscosity Only , With a Coefficient of 4,0 
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sufficient to force the mechanical stress to 
follow the Rayleigh line, but not so large that 
the stress-volume path is markedly concave 
downward. 

(4) The computation scheme in a 
two-step method should exhibit sufficient 
feedback in the computation of velocity and 
stress to maintain stability; i.e., the equations 
must be so arranged that an overestimate in 
velocity on one cycle will lead immediately to a 
stress gradient which will correct the velocity on 
the next cycle. The double-leapfrog scheme* 5 
features this feedback, and therefore is usable 
with high density gradients, seriously 
mismatched materials, and, equations of state 
with regions of imaginary sound speed. 


For each problem, a grid or cell size must be 
selected which is appropriate to the materials 
and to the detail required in the results. 

Normal values of artificial viscosity will smear 
shock fronts over three or four cells; the cell size 
should be chosen with this in mind. At 
interfaces between materials the cell thickness, 
AX t and should be chosen for equal 

crossing times, ne., 


TT 


AX Z 

o z ~ 


(14-16) 


where c is the relevant wave or shock velocity. 

The artificial viscosity method is well suited to 
the construction of general purpose programs. 
Shock formation and disappearance, and shock 
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Figure 14’4(B), Stress Histories Generated in Tungsten by an Impact With C-7 Epoxy: 
Linear Artificial Viscosity Only, With a Coefficient of 0.5 
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fronts are provided for naturally in the 
computations, without requiring that the 
program or programmer know in advance the 
locations of these phenomena. After a stable 
scheme for handling the hydrodynamic 
integrations is produced, arbitrarily complex 
equations of state, strain-rate-dependence, 
combustion reactions, radiation deposition, heat 
conduction, fracturing, and other capabilities 
may be readily added. For this reason, many 
artificial viscosity computer programs can 
handle wave propagation initiated in three ways: 
by impact, radiation deposition, and detonation. 
The method is also readily extended to two- and 
three-dimensions. 

The principal difficulties with the artificial 
viscosity method are the erosion of wave fronts, 
and the computer times required. The wave 
front erosion is serious if details of the wave 
front, such as time-dependent precursor decay, 
are of interest (see Fig. 14-6 for a comparison of 
precursor decay from a viscosity calculation 
with that obtained from an analytical 
calculation). For attenuating waves, the viscosity 
augments the rate of dissipation. Computing 
times are usually much longer than for 
characteristics codes for comparable problems. 
For multi-dimenBional problems, the computing 


costs can be very high. To minimize costs, the 
grid is usually very coarse on these problems; 
then the results are also coarse. 

Many computations are not suited to the 
Lagrangian formulation. Lagrangian is most 
appropriate if the motions and distortions of the 
material are sufficiently limited for the celis to, 
retain their basic shape (e.g., a square cell 
stretched to a long rod no longer represents the 
material very well). During some computations 
the distortion is eliminated periodically by 
“rezoning”, i.e., redefining the Lagrangian cells; 
When there are large distortions, however, such 
as in a fluid flow problem, Euierian (nonmoving) 
variables are probably appropriate. The Euierian 
approach is often faster than Lagrangian, but is 
less accurate for solids, and requires extensive 
programming to handle material interfaces and 
elastic-plastic behavior. The OIL code 30 is one 
example of an Euierian program. 

In an effort to combine the advantages of 
Euierian and Lagrangian variables, many 
programs have been written with a mixture of 
the two types of variables. Frank mid Lazarus 1 8 
treated a two-dimensional problem in* which the 
variables were Euierian in one direction, 
Lagrangian in the other; this technique is 
appropriate for many laminar flow problems in 
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Figure 14-5. Grid for Depicting Coordinates and Time Increments 
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which the motion is primarily in one direction. 
The STRIP code was developed by Trulio 3 1 to 
handle two-dimensional spherical problems with 
the’ radial variables being Lagrangian, but 
variables in tile 0 direction being Eulerian. 
Noh 32 wrote the CEL code for fluid flow past 
solid objects; for that problem it was convenient 
to use Lagrangian variables for the solid) and 
Eulerian for the fluid. In the AFTON codes 
Trulio 33 attempted to follow the flow with 
Lagrangian or other mpving variables and to 
rezone frequently to reduce grid distortion; the 
rezoning tended to erode wave fronts 
excessively. More recently he has developed a 
moving coordinate system 3 * which emphasizes 
(with a fine mesh) the wave fronts. The moving 
coordinates were designed specifically for the 
problem of radiation deposition in a thin surface 
layer; at early time* , very fine cells are needed in 
that surface layer, later the small cells are 
needed elsewhere and the surface layer can be 
represented by large cells. For the 
two-dimensional radiation problem it has been 
appropriate to use an Eulerian or PIC (discussed 
later) computation during the early, violent 
motion, anitm Lagrangian grid later. Evidently, a 


grid system appropriate to the problem at hand 
can usually be found and used successfully. 

The preceding artificial viscosity formulations 
are ail of the explicit type, except for iterations 
associated with the equation of state. This 
approach, in which the variables at each time are 
determined by extrapolative formulas from the 
previous time, is by far the most common. By 
contrast, in implicit methods 20 the variables at 
each time are a function of all other variables at 
the new time as well as those at previous times. 
The flow equations are solved by “closed” 
numerical integration schemes, . Implicit methods 
may be designed so as not to require short time 
steps like those needed for explicit methods. 
Therefore, if details of the wave fronts brother 
information requiring short time steps are hot of 
interest, an implicit scheme may be 
advantageous. The solution at each time 
increment is produced by iteration, the first set 
of values being obtained from equations of 
“open” type, and the later values from “closed” 
type equation* A code based on an implicit 
method was derived from an integration of the 
flow equations along approximately 
characteristic lines by Muller 3 8 for the 



Figure 14*6, Stress Profiles Following Impact in a Material Represented by Simple Anelastic 
Model 
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computation of nonlinear acoustic flow without 
shocks. 

14-2.4 PARTICLE-IN-CELL METHuD 

The particle-in-cell (PIC) methoc* B « 3 7 is a 
mixture of Lagrangian and Eulerian techniques, 
and generally requires a computer with both a 
large memory and high speed. It is especially 
useful for problems in which there are large 
distortions. The fluid may be visualized as 
discretized into small Lagrangian particles with 
mass, velocity, and energy, but no shape. During 
the computation, these cells are passed through 
a fixed Eulerian grid. During each time step, two 
types of calculations occur: a computation of 
pressure and energy in the Eulerian cell based on 
the number of particles in the cell, then a 
determination of the motion of each Lagrangian 
particle from the pressure gradients on Use 
particle. The stability of the computation* 
arises, according to ■Harlow* 6 , from an artificial 
viscosity introduced unintentionally in the 
averaging process. Some of the disadvantages of 
the method are ifc high computing cost 3 6 , the 
jumps in pressure associated with quantized 
changes in density, and difficulty in handling 
elastic-plastic properties. Harlow presented 
figures from two-dimensional PIC computations 
of a crater formed by the explosion of a 
spherical charge on the surface of the ground; 
this exemplifies well the laije distortions treated 
in PIC problems. 

14-3 EQUATION-OF-ST ATE COMPUTATIONS 

An equation of state is a relationship between 
thermodynamic variables which describe 
equilibrium states of a material. The relationship 
can be visualized as a multidimensional surface 
whose coordinates are the thermodynamic 
variables. In an equilibrium process, the material 
state moves across the surface; in a chock or 
reaction process, the end points are on tire 
surface but intermediate points may be off the 
surface. An example of Hugoniot curves on 
equation-of-state surfaces is shown in Fig. 14-7, 
In the shock front the material state follows the 
Rayleigh line from 0 to A. In the subsequent 
reaction, the state follows the Rayleigh lij 
from A to the C-J point. 

In this paragraph, computer codes are 
discussed which develop the equation-of-state 


relationships for reaction products, given the 
equations of state of each constituent; i.e., these 
codes could be used to develop the upper curve 
in Fig. 14-7. The computations generally follow 
the analyses in Chapter 2 and Appendices A, B, 
and D. Examples of these codes are the 
STRETCH, BKW 3 *, RtJBY 39 , and TIGER 40 . 
The TIGER code was constructed with the aid 
of experience gained from the earlier two; its 
characteristics are described in the paragraphs 
which follow. 

The TIGER computer code calculates the 
composition and thermodynamic variables 
associated with equilibrium states of reaction 
products. The user supplies the chemical 
formula (or formulas, for a mixture) of the 
condensed explosive and specifies the state 
points of interest State ooints which are 
obtainable are the C-J point, the constant 
volume explosion point, a series of Hugoniot 
points, a series of points on an isentrope, or any 
arbitrary point for which two thermodynamic 
variables are specified. The program uses the 
analysis of Chapter 2 to satisfy the 
stoichiometric and chemical equilibrium 
conditions, and the equations of state of each 
constituent-combined with the Hugoniot, 
isentropic, and C-J conditions— to findthe state. 
The printed output for each state point includes 
the constituents, the thermodynamic variables, 
and derivatives— such as the specific heat, the 
thermal expansion coefficient, and the adiabatic 
exponent. For each point the constituents may 
be represented by either a perfect gas law or a 
Becker-Kistiakowsky-Wilson equation of state. 
The resulting states are equilibrium states and, 
therefore, do not represent a reaction process. 
To be able to estimate properties of 
nonequilibrium states, points may be computed 
with the constituents either frozen to those of a 
prior equilibrium state, or free to assume a new 
equilibrium configuration. The transient stidc 
may be presumed to lie between these two 
states. 

Within the TIGER program there is a basic 
thermodynamics routine (THERMO) which 
solves for equilibrium composition given two 
equation-of-state variables. Within THERMO the 
basic variables are the n f (mole numbers for sll 
gas phase constituents), ri k (parameters related 
to chemical poten ials— one per element present), 
temperature T, and a pressure-related variable 
P r Because of the hi'hty nonlinear; relations 
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among these variables, a two-level iteration 
procedure was devised. To start the procedure 
the are estimated; the n { may be taken as 
equal for all constituents. This estimate serves as 
a basis for determining the T, and P values 
from the stoichiometric conditions (which 
require conservation of each element in a 
reaction, see Eqs. 2-5 and 2-10) and the 
equation of state. With fixed r) k , T, and P ; the 
are determined from the chemical equilibrium 
conditions (Eq. 2-30) in the inner iteration loop 
by the Newton-Raphson method; With 
values for the n / ; the 17., T, and P % are 
determined in the outer iteration loop. The 
inner and outer loops are repeated in order until 
values computed in successive cycles meet the 
convergence criteria. 

Hugoniot points, the C-J ppints, isen tropes, 
etc,, are calculated by repeated calls to 
THERMO. For example, to compute the C-J 
point, the constant volume explosion state is 
first computed by providing THERMO with two 


state variables, the energy of formation and 
initial specific volume. The first approximation 
to the C-J point is obtained by providing 
THERMO with T Q and V 1 where T o is the 
temperature at the constant volume explosion 
point and 


V q and tc o are specific volume and adiabatic 
exponent, respectively, of the constant volume 
explosion point. The equation for is derived 
f/om the C-J condition. By use of this initial 
approximation, the iteration procedure finds 
improved values of pressure and specific volume 
which are used in the next call to THERMO. 

In wave propagation programs the principal 
thermodynamic variables are pressure, internal 
energy, and specific volume (or density). Ip the 
artificial viscosity codes, the equation-of-state 
subroutines are provided with energy and 
density tind expected to yield values of pressure. 



Figure 14-7. Hugcniots and Paths for Steady-state Shock and Reaction in a Homogeneous 
Explosive 
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Therefore, for use in wave propagation 
calculations, the most convenient equation of 
state is one in which pressure is an explicit 
function of energy and density. An example of 
the transformation which may be Required to 
put an equation of state in tractable form is 
given by Zemow, etal. 41 . Initially, they used the 
equation of state to compute pressure for a grid 
of points in (J£,p)-space, and then interpolated in 
this grid for the wave propagation calculation. 

14-4 REACTION ' MECHANISMS FOR 
COMPUTATIONS 

The reaction mechanism is the process by 
which the unreacted material bums or detonates 
to become the reaction product. If the reaction 
process is not of interest, then a very simple 
computational scheme can be used. However, 
for a study directed toward determining the 
induction time, initiation and fadeout of 
detonation, and other phenomena governed by 
■the reaction zone; the reaction process is 
modeled more carefully. For a homogeneous 
explosive the Arrhenius equation for the reacted 
fraction /is used 41, 42, 43 


jjf = A(l-f) 1 exp E*/(ST)j d 4 ’ 17 ) 

where A is the frequency factor, E* is the 
activation energy, R is the gas constant, and X is 
the order of the reaction (either X = 0 or 1 is 
used). While the material is reacting, part of the 
material is obeying the product equation of state 
and part the explosive equation of state. The 
products are in pressure equilibrium but not 
necessarily in thermal equilibrium. Possible 
computational treatments of this two-phase 
problem are given by Petrone 4 2 and by Zernow, 
et al 41 . 

For an inhomogeneous (condensed) explosive 
Warner 44 and Boyer 4 ® have suggested methods 
for describing the hot-spot initiation, burning of 
adjacent material, and detonation. Warner let X 
“ 2/3, corresponding to a process depending on 
surface area rather than volume, and made T the 
temperature of the reacted gas. Boyer 4 6 
considered the condensed explosive to consist of 
two phases, one of which would detonate by an 
Arrhenius law (the hot-spot part), and the other 
would burn by a law like Warner's with X = 2/3. 
Both Warner’s and Boyer’s methods were able to 


model an underdriven detonation, with 
subsequent build up of reaction and production 
of a steady C-J wave front. 

Where details of the reaction process are 
unimportant, simple reaction mechanisms have 
been employed, for example, an instantaneous 
conversion to the C-J state of the explosive at 
the front of the detonation, wave. This 
mechanism, available in TOODY 29 and in 
NIP 46 may be adequate when the explosive 
propels a flyer plate, and only the terminal 
velocity of the plate is of interest. For a little 
more fidelity to the reaction process, Wilkins 2 2 
has suggested tv/o computational mechanisms: 

(1) The detonation is required to travel at 
the known detonation velocity £, and the time 
of arrival of the wave at each-cell is calculated in 
advance. When the detonation time is reached at 
a cell, the heat of reaction is added to the 
internal, energy of the cell over several time 
increments. As with the simpler mechanism 
previously described, the detonation wave is 
forced to reach the C-J velocity and achieve the 
C-J pressure. 

(2) An alternate possibility is to set the 
burn fraction / to 


1 - V/V a 
f “ 1 - Voj/V. 


(14-18) 


where V, V cJ , V q are the current, C-J, and 
initial specific volume, respectively. With this 
mechanism, the detonation wave allowed ;tc 
establish itself. 

Wilkins has found that the second mechanism 
does not establish a steady state very rapidly. To 
eliminate this problem and also to allow for an 
overdriven wave, he recommends computing / as 
the maximum from the two mechanisms. 


14-5 SUMMARY OF CALCULATIONS OF 
WAVE PROPAGATION WITH REACTIVE 
MECHANISMS 


The preceding paragraphs have contained 
descriptions of the three basic elements of wave 
propagation in reactive flow; hydrodynamics, 
equations of state, and reactive mechanisms. 
Here, some of the ways in which these elements 
have been combined are mentioned, and the 
nature of the resulting solutions are discussed. 

One example of a method of characteristics 
calculation with reactive flow is that of Barthel 
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and Strehlow to study the effect of transverse 
waves on one-dimensional flow. Another is the 
study of Osborn 47 on the thermal 
decomposition, induction, and burning of 
propellants. 

Unsteady aspects of detonation waves have 
been considered by Warner with artificial 
viscosity computations. The initiation, 
induction, and gradual build up to the steady 
state, instability, and fadeout were treated from 
a continuum mechanics viewpoint. The details 
of hot-spot and bubble collapse mechanisms for 
initiation have been studied by Mader 4 8,4 9,50 
who treated the hot spot in detail. 

Without treating the reaction process in detail, 
Wilkins 51 has performed multiple detonation 
computations to determine the equation of state 
of reactant products. The equation of state was 
altered and the calculations were repeated until 
there was satisfactory agreement between 
computed and measured motion of the explosive 
casing. The preceding references only hint at the 
variety of problems which have been tackled 
with wave propagation codes. 

Before constructing a code for wave 
propagation calculations, it is well to decide on 
the nature of the results desired, whether the 
code must be general-purpose, etc. Some of 
these code characteristics have been discussed 
previously; three more will be mentioned here. 

First, the code should be easy for the user to 
understand and even modify. Normally, this 
requirement lengthens the program and extends 
running time somewhat, but it saves programmer 
time and encourages people to use the code. If 
possible, the code should be modular, i.e., with 


separate routines for hydrodynamics, equations 
of state, reaction mechanisms, input and output; 
this simplifies code modification. 

Second, an estimate of the number of 
computations required in a given project 
depends strongly on the role that the 
computations are to play. If the observed 
detonation velocity or fracture lines are 
pre-planned for the computation, the computed 
results serve mainly to correlate the 
experimental data. Then there may be one or 
two computations per experiment. On the other 
hand, if the computed detonation velocity is the 
result of hydrodynamic and reaction rate 
calculations, then it is properly termed a 
theoretical prediction. With such a code, a 
variation of parameters is usually helpful, this 
will require a large number of computations. 

The third item is accuracy. With all 
computations there will be some errors and, in 
wave propagation, these tend to grow with time. 
One aspect of accuracy has been discussed, 
namely, the comparison of computed results 
with an exact analytical prediction. Normally, 
this type of error is of less interest (and smaller) 
than those associated with uncertainties in the 
parameters of the reaction process and the 
equations of state. In most of the foregoing 
computations these parameters are not known 
closely so that the computed results are 
primarily of a semi-quarititative nature, although 
the results may be relied upon to indicate the 
relative importance of input parameters. In spite 
of this drawback, the computations are useful 
for extending our understanding of the 
detonation process. 
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APPENDIX A EVALUATION OF THE THERMODYNAMIC PROPERTIES 


A-1 INTRODUCTION 

The thermodynamic relations of general 
validity, summarized in par. 2-4, provide the 
basis for the evaluation of the thermodynamic 
properties of a system. Since it is a 
characteristic of these relations that they are in 
differential form, it is necessary to integrate 
them in order to obtain expressions that can be 
employed for numerical work. Furthermore, 
since they are characteristically relations 
between partial derivatives, the integral 
expression! ire most conveniently stated in 
terms of lin. integrals. Physically a line integral 
is a way of expressing the change in some 
property during a process between two different 
states. In the present application, one state is 
taken to be that of the system of interest and 
the other that of a reference system whose 
properties are known. If the reference state is 
properly defined, the line integrals needed to 
evaluate the thermodynamic properties of real 
systems can be made to involve only properties 
of the system that are determined by the 
equations of state of its constituent phases. 

In successive paragraphs of this Appendix, 
expressions are deduced for the thermodynamic 
properties of pure condensed phases and of a gas 
mixture. Relations are then given for the 
properties of a general heterogeneous system. It 
is assumed that the composition of each phase is 
given. A procedure for the determination of the 
composition at equilibrium (which is the only 
composition uniquely determined by 
thermodynamic considerations alone) is given in 
Appendix B. 

A-2 THERMODYNAMIC PROPERTIES OF 
PURE CONDENSED PHASES 

In the interest of simplicity of notation, we 
dispense in this paragraph with the component 
index that has been employed in Chapter 2 to 
identify the chemical species of which the phase 
is composed, and with the prime-notation that 
has been employed to distinguish a condensed 
phase from a gaseous phase as in Eq. 2-11. 

We assume that the molar volume of a pure 
condensed phase is a known function of pressure 


and temperature, V = V(p,T). Writing the second 
of Eqs. 2-65 and integrating, we obtain an 
expression for the molar enthalpy H of the 
phase 


= H + 


r\ /&V\ 1 

{ I WJ 


Up (A-1) 


where H* is the molar enthalpy in a reference 
state at one atmosphere. The quantity H* is a 
function of temperature only, H* * H*(T), and’ 
the integral is along a path of constant 
temperature. The quantity H* is undefined to 
the extent of an additive constant, the 
specification of which can be arbitrary. The 
specification of this constant is equivalent to the 
selection of a standard state or datum base in 
terms of which the enthalpy is to be measured. 
The standard state is defined by a reference 
temperature, reference pressure, and reference 
state (liquid or solid) of each element. We select 
absolute zero and one atmosphere as the 
reference temperature and pressure. The 
reference state is the phase which is stable at 
room temperature and atmospheric pressure. 
The quantity H* may then be defined formally 
by 

fl* VC 


where (H$ - H*) is the enthalpy function in the 
reference state at temperature T measured 
relative to the same state at a temperature of 
absolute zero and A f H* is the molar heat of 
formation of the materials from the elements at 
absolute zero and at a pressure of one 
atmosphere. The quantities and A f H* 

are listed in standard tables of thermodynamic 
properties 1 . The standard state here defined is 
consistent with that employed for gas mixtures. 
The molar energy is obtained from the 
definition of the enthalpy 


E = H* - pV + 


f r fdv\ 

/ri 1 


I dp 


(A-2) 


The heat capacities can be obtained by 
differentiation of Eq. A-1 and the use of Eq, 
2-69 
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where e/' - dH*/dT = c'p(T) is the molar heat 
capacity at constant pressure in the reference 
slate of unit pressure. It can be obtained from 
standard tables of thermodynamic properties. 

The chemical potential (equal for a pure phase 
to the molar Gibbs energy) is expressed by a 
relation obtained by integrating the first of Eqs. 
2-67 



1 


where p* is the chemical potential in the 
reference state of unit pressure. This quantity is 
a function of temperature only, p* ~ p* /?), 
that is tabulated in standard tables of 
thermodynamic properties. The entropy can be 
obtained from the relation 


E * p « p*. This approximation is valid for 
systems in which a condensed phase is in 
equilibrium with a gas phase if npV/RT < < 1, 
where n is the number of moles of condensed 
phase per mole of gas phase. For the explosion 
products of a condensed explosive for which— as 
we shall &C.C, .the density of the gas phase is of 
the order of the densities of normal solids— this 
approximation is not valid even if it is possible 
to assume that the condensed phase molar 

volumes are constant. 

A second approximation may be obtained by 
assuming that the coefficient K p of isothermal 
compressibility 



and the coefficient K T of isobaric thermal 
expansion 



are constants independent of temperafe re and 
pressure. With these assumptions the 
pressure-volume-temperature equation of state is 

V- y 0 exp(KT] expf^a-PU 


S - {H - n)IT (A- 5) 

which results from the definition of the Gibbs 
free energy. 

As a first approximation, the molar volume 
may be assumed to be a constant, independent 
of p and T. With this assumption 

H = H* + V(p - 1) ' 

E - E* 



p « p* + (p - 1)V f J 

where E * and cjf denote the molar energy and 
molar heat capacity at constant volume, 
resp ctively, in the reference state at 1 atm. At 
low pressures, it is possible to simplify these 
expressions still further by neglecting the 
product pV compared to E* and p * so thut/f » 


where V 0 is the molar volume at a temperature 
of absolute zero and a pressure of one 
atmosphere.. Then Eq. A-l becomes 

H - H* + (1 -TK t )j jl - <*pjtf„(l-p)] j(A-7) 


where V* - V Q exp [K t T], and the expression 
for E follows directly by adding pV to the right 
hand side. Differentiating Eq. A-7 with respect 
to temperature at constant pressure and 
combining the result with Eq. 2-69 gives the 
following expressions for the heat capacities, 


c* - 


c = c* 


1 - ex] 


-P)]j 


(A-8) 


For the chemical potential, we obtain the 
expression 


A-2 
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M s ^ |l ~ exp[tf p (l - p)]j (A-9) 

A-3 THERMODYNAMIC PROPERTIES OF A 
GAS MIXTURE 

In this paragraph, we present expressions by 
means of which the thermodynamic properties 
of a phase consisting of a gas mixture can be 
evaluated in terms of Certain thermal properties 
of its constituents and an equation of state of 
the mixture. A comprehensive account of these 
matters is given in a review by Beattie 2 . 

Our procedure is to define a reference state of 
the mixture and to calculate the change in the 
various thermodynamic properties of the 
mixture during a process that transforms the 
mixture in the reference state into the mixture 
in the actual state of interest. If the 
thermodynamic properties of the mixture in the 
reference state are known in terms of the 
properties of the pure constituents, the 
properties of the mixture in the actual state are 
then known. It is not necessary that the 
reference state have physical existence; it is only 
necessary that it be possible to determine its 
properties and to perform an accurate 
calculation of its change in the process resulting 
in the actual state of interest. The reference 
state may, therefore, be an hypothetical state 
and its definition may be arbitrary. 

As reference ntate, we select the hypothetical 
perfect gas mixture of the same composition at 
the pressure and temperature of the actual 
system or, alternatively, at the volume and 
temperature of the actual system. The data for 
the mixture are taken to be the thermal 
properties of the pure constituents when they 
are in an hypothetical ideal gas state at a 
pressure of one atmosphere. For a constituent i in 
this state, we let Ef be the molar energy and 6? 
be the molar entropy. By definition, E° and S? 
are functions of temperature only 

<= $° (T) 

From a knowledge of the energy states and 
structure of the molecules of gaseous substances, 
the methods of statistical mechanics have been 
employed to calculate the quantities E° T - E° o 
and S® for pure substances regarded as ideal 
gases at atmospheric pressure. E? r and SZ, are the 
molar energy and entropy, respectively, at 


absolute temperature T; E° is the molar energy 
at T - 0°K; and the statistically calculated 
quantity = 0 when T- 0. 

We may now complete the specification of the 
E°. and S" by defining 

K= K - < \ + (\K\ (A ' 10> 

where (A f is the heat change of the 
hypothetical reaction at atmospheric pressure 
and zero absolute temperature (equal at absolute 
zero to the energy absorbed) that produces one 
mole of substance i from the elements, the 
elements being assumed to be in the state of 
aggregation that is stable at room temperature 
and atmospheric pressure. More briefly, (A/ 
K), is called 'die heat of formation at zero 
temperature. Thus, the energy E° is measured 
relative to a datum base of standard state 
consisting of *he elements at absolute zero. The 
entropy S” is measured relative to the same 
standard state because the entropy of the 
elements in their standard states is zero. It may 
be noted that the specification of a standard 
state independent of the composition of the 
mixture is essential if changes in the 
composition are to be considered. The quantities 
E° - E° o> k f K° o , and are listed in standard 
tabulations of thermodynamic data. 

The ideal gas pure components satisfy the 
equation of state 

pV?=RT (A-il) 

where R is the molar gas constant and V° { is the 
ideal molar volume of substance i . The ideal 
molar enthalpy of substance i at one atmosphere 
pressure is 

E°+ pV?= E°+RT= rf(T) (A-12) 


and the ideal molar Gibbs free energy (chemical 
potential) of substance i at a pressure of one 
atmosphere is 

Mi « - TS° « £,° + RT- TS; = m°(T) (A-13) 

The ideal heat capacities of substance i at a 
pressure of one atmosphere are the functions 
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c ° ( 28 dtij/dT s c^(T) 

(A-14) 

% - dH°/dT- c°('D 

Evidently, c° P[ - c° { - R. From Eqs. 2-66. we 
have 

d\n°/T)/dT = - /f , /r i (A-1B) 

From Eqs. 2-64 and 2-65, written for one mole 
of a substance /, we find that for a substance 
obeying Eq. A-ll 

mpP) T - 0; (0^/ap)^ - - i*/p 

Integrating these expressions between p «* I and 
p * .p at constant temperature,; we obtain the 
relations 

T; ideal) - flf 

(A-16) 

S,(p, IV ideal) = Sf- A in p 

and from the definition of the chemical 
potential, we obtain the additional relation 

n,(p, T; ideal) = /»*'+ RT inp (A-17) 

We now define the hypothetical perfect gas 
mixture as one for which 

pfip, T) « p°. + RT in p + RT in x. 

* (A18) 

* n ( /n t n * 

for every constituent i of the mixture, where we 
employ an asterisk to designate a property in the 
reference state. AH of the properties of the 
mixture in tfo> reference state are deducible 
from Eq, A-18; In particular, since the chemical 
potential is the partial molar Gibbs free energy, 
the Gibbs free energy g* of the perfect gas 
mixture described by the mole number n t , . , 
,n 9 is given by 

Zntf + nRT in p + RT2n l in x ( (A49) 

n mce, from Eqs. 2-81, (3g*/dpJ T ,„ 38 r*, the 
«<? jw^tion of state of the perfect gas mixture can 
he obtained by differentiation of Eq, A-19 

PT* 33 nRT (A-2Q) 


Eq. A-20 is in accord with Dalton’s law of 
partial pressures, gallon’s law of itself does not, 
however, form a sufficient basis for the 
definition of the reference state-smce Eq. A-18 
cannot be deduced from it without an additional 
assumption that introduces the concept of 
equilibrium between the mixture in the 
reference state and the pure constituents (as 
through appropriately defined semi-permeable 
membranes). 

With, the aid- of Eq. A-20, the Helmholtz free 
energy f* of the perfect gas mixture can be 
obtained from Eq, A-19. 

f* ~ g* - pr* * g* - hRT 

» - RT) + nRT Zn{RT/r) (A-21) 

+ RTXn, in n ( 

Expressions tJi the other thermodynamic 
properties of the m wire in the reference state 
are easily deduced. 

The equation of state of the actual mixture is 
an expression in one of the forms 

P * P(r,T » jf — n t ) 
t « r(p,T; n f ,~<-n) 

We assume the equation of state, expressed in 
either way, has the property that pr/inRT ) ■* 1 
as p •* 0 or r ■* and further that pr/(nRT) 
differs from unity by terms of at least first order 
in p or 1/r at finite pressures. Thus the actual 
mixture becomes identical with the reference 
mixture in the limit as p •+ 0 or r * 

If the equation of state is explicit in 
temperature and volume, we evaluate the 
Helmholtz free energy of the actual mixture 
from tha* 0 f the perfect g*vi mixture in a 
reference state at the same temperature and 
volume by means of 
nr, T) * f*(r,T) ~ If *(-,!) - 
+ U(t,T) - fW\] 

where we use the fact teat f*b,T) * f(~ t T)> 
From Eqs. 2-31, (df/dv) T%n *-p. Therefore 


f(r,T) ~ f(~ t T) 


1 
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where the integration is along a path of constant 
temperature and composition, and thus 


f(r,T) - f\r,T) = jf~ ~ pj dT 
f\r,T) = Sh,(m; - nr) 

+ iJUSn, (n JIT It) 


(A-22) 


All of the thermodynamic properties can be 
derived from Eq. A-22 by means of the general 
relations of thermodynamics, Using Eq, 2-25, we 
obtain 

y-,(r,T) - i%t,T) -/ ^ - p\dT I 

- 7 | (A--23): 

M*(r,T) = //“ + IlT in (nfiT/r) ) 


where p { has been defined a sp/ r 

From Eq. 2-31, we have s * - (9/732%, n and 

therefore 


.(r,n-.V.n 

s*(r,T) = 2^ §° + fin [r/(n^T)] 


(A-24) 


Using; Eq. 2-34, we obtain the expression for the 
energy 


e(T.T) - e*(r// v ) - 





e*(r,T) = 



and by differentiation with respect to 
temperature, an expression for the frozen heat 
capacity at constant volume 


- C* (r,.T) = 


m. 


dr 


(A-26) 


c w * ?*«< 


In Eq. 2-61, there is defined the derivative E/ « 
(be/bn ( ) TtT . From Eq, A-25 we obtain the 
er session 



Eqs. A-22 to A-27 are the desired expressions 
for the thermodynamic properties when the 
equation of state is explicit in the temperature 
and volume. We note that the argt ,ent of the 
logarithm in Eqs. A-22 to A-24 is expressed in 
units of atmospheres. 

If the equation of state of the mixture is 
explicit in temperature and pressure, we evaluate 
the Gibbs free energy of the actual mixture g 
from that of the perfect gas mixture g* in a 
reference state, at the same temperature and 
pressure by means of 

g(p,T) ~ g*{p,T) - lg*(p,T) - g*(0,T>] 

+ \g(P,T) - g(0,T)l 


where we use the fact thatg*fO,2V x g(0 7 T). From 
Eqs. 2-31, (c )g/bp) Ttft » u. Therefore 


g*(P,T) ~ g*(0,T) 



g(p,T)-g(Q,T) 


■( 


rdp 


where the integration is along a path of constant 
temperature and composition, and thus 




(A-28) 


#(p,v) - g‘(p,T) =y* p 

O 

g*(p,T) K S n t pj* + nRT in P 

+ RTZn ( & x ( 

All of the thermodynamic properties can be 
derived from Eq. A-28 by means of the general 
equations of thermodynamics. Using Eq. 2-25, 
we obtain 


, ri L RT 

UfaT) - ti*(p,T) -JK-J 


dp 


P,(P,T) ~ + RT in P + RT in x 


(A-29) 


AM CP 706-180 


From Eqs. 2-31, we have s = -(dg/dT) Ptn and 
therefore 


a*(p,T) » Sn^;- nit p-KSn, $n*, 


(A-30) 


Using Eq. 2-34, we obtain the expression for the 
enthalpy 


h(p,r> - b*(p,T ) t(~J j dp 

h*(p,T) - Intf 


(A-31) 


and by differentiation with respect to 
temperature an expression for the frozen heat 
capacity at constant pressure 




(A-32) 


By differentiating Eq. A-31, we obtain an 
expression for the partial molal enthalpy of the 
i-th coilstituent, 


“ vi„r 


(A-33) 


Eqs. A-28 to A-33 are the desired expressions 
for the thermodynamic properties when the 
equation of state is explicit in pressure and 
temperature. We note that the argument of the 
logarithm in Eqs, A-28 to A-30 is expressed in 
unit* of atmospheres. 

Activity coefficients ft are sometimes defined 


the first expression being used if the equation of 
state is explicit in pressure and temperature, and 
the second if the equation of state is explicit in 
volume arid temperature. These quantities are 
used as abbreviations for the definite integrals 
that express the effect of gas imperfection on 
the chemical potential. 

A-4 THERMODYNAMIC PROPERTIES OF 
HETEROGENEOUS SYSTEMS 

For the general heterogeneous system of unit 
weight which consists of a gas phase whose 
composition is described by the mole numbers 
Hi (i * 1, 2, ... s) together with one or more 
condensed phases whose sizes are described by 
the mole numbers nj, the extensive properties 
are the sums of the contributions of each phase. 
Therefore, the specific energy is given by 


ZrijE? + 
t * * 


M„-’h 


+ -Zn'tf - pV,) 
the specific enthalpy by 


(A-36) 


. h 


v r\ /3t\ ' 

ZnX+ r- Tfc di 
1 1 1 J \327 

o L \ / p»«J 


+ W 

and the specific entiopy by either of 
' - k + R mn,RT)d 


(A-3«f) 




by one of the relations 

* » Sn, R in (pn^n)] 

p r( 

p r / \ -, 

Inf,* j I 1 ; - ~r)dP 

+ rteM 

•i ' p / 

■ (A-34) “ L p H: 


dp + Znfi 


£n 


, . rfitr ' 

"7VT"^ 


dr 


(A-37) 


(A-38) 


where the properties of the condensed phases 
are expressed as functions of pressure and 
temperature in par. A-2. 
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The specific enthalpy is an implicitly 
prescribed function of the pressure, 
temperature, and the mole numbers n t and nj. It 
has the partial derivatives 



The specific entropy may be regarded an 
implicitly defined function of the same variables 
with the partial den lives 


Os 

or 


IT 


9s 0 v 

Op ~ " or 


Os 
0 n f 


fff, - M,)/T 


Os_ 
0 nj 


- (Hj- fij)fT 


(A-40) 


The specific energy can be regarded an implicitly 
prescribed function of the gas phase volume r, 
temperature, and the mole numbers n t and nj. If 


we recall that Vj * V] (p,T) t the partial 
derivatives of the specific energy are 



► (A-4l) 


py; . 

The specific entropy can also be regarded an 
implicitly prescribed function of the gas phase 
volume r, temperature, and the mole numbers tit. 
and nj, with the partial derivatives 


5? " ? [r, + f + | ?^(5) - *»] 

m dp 3 p , fr 1 * * * V l\ 

9r "a T m 9r i> \dT/ 


\(A42) 




In Eqs. A- 30 to A-42, all of the. variables except 
the variable in terms of which the differentiation 
is performed are to be held constant during the 
differentiation* 
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APPENDIX 3 GENERAL PROCEDURE FOR THE CALCULATION 
OF EQUILIBRIUM COMPOSITION 


B-1 INTRODUCTION 

This Appendix describes a procedure for the 
calculation of the equilibrium composition of a 
heterogeneous system consisting of a gas phase, 
whose composition is described by die mole 
numbers n t (i~ 1, 2, .... . s), in equilibrium with 
one or more conder Jed phases, each of which 
we have assumed to consist of a pure component 
and whose sizes are determined by the mole 
numbers nj. The relations for a system consisting 
only of a homogeneous gas phase can be 
obtained by setting all of the nj equal to zero. 

The procedure is designed for calculations to 
be carried out on large computers. For this 
reason, it takes advantage of the possibilities 
offered for a general program by the general 
nature of the notation that has been employed 
to describe the chemistry of the system. An 
objective in formulating the procedure is to 
make the computer program as simple as 
possible. Simplicity of program is achieved at 
the expense of the number of individual 
arithmetic operations that need to be carried 
out. 

If the equilibrium composition is to be 
evaluated in calculations performed by hand (as 
with a desk calculator), it is desirable to reduce 
the number of arithmetic operations as much as 
possible by a partial reduction of the problem ip 
which the chemical nature of the system Is 
explicitly considered. A procedure of this type 
for systems consisting of compounds of carbon, 
hydrogen, oxygen, ahd nitrogen is presented in 
Appendix C. 

B-2 U | WjflARjZAJION OF THE 
EQUILIBRIUM CONDITIONS 

The equilibrium conditions, Eqs. 2-30, can be 
written for the heterogeneous system under 
consideration in the form, 

<«, = RT $ M < («' - 1 (b-u 

and 

4 - if nfr 0 (j - 1, c) (B-2) 


where p t and pj are the chemical potentials of 
the i-th gaseous constituent and the j-th 
condensed component in the heterogeneous 
mixture. 

The stoichiometric conditions for the same 
system are 

2 p tJ n t + nj = q } (/ » 1, c) (B-3) 

where for generality we have assumed that every 
component may exist as a condensed phase. In 
practice nj will be zero for most j and if rij * 0 
for all ;, the system consists of a, gas phase only. 

The number of Eqs. B-1 to B-3 is equal to the 
sum of the number of components, the number 
of gaseous constituents, and the number of 
condensed phases. This number is equal to the 
number of unknowns n {? nj , and X*. v We will 
consider the temperature and either uie gas 
phase volume r or the pressure p to be 
additional unknown variables, and we will 
supplement Eqs. B-1 and B-2 by two 
independe ‘ specifications of the state of the 
system. 

The number of equations to be solved can be 
reduced by the number of components by 
algebraic elimination of the .parameters X* from 
Eqs. B-1 to B-3. If this is dJne, it turns out that 
the number of arithmetical operations in 
calculating the coefficients of f hc remaining 
Unithbwhs subsequent solution of the 

equations is just the same as the number of 
arithmetical operations required to solve the 
larger set of equations, (The two alternatives are, 
in fact, formally identical.) If the X* are 
eliminated algebraically, a more elaborate 
program is required. Therefore, there is no 
benefit from such a procedure if the memory 
capacity of the computer is adequate to 
accommodate the problem with the larger 
number of variables. 

The dominant parts of Eq. B-1 are linear in the 
logarithms of the mole numbers n h while Eq. 
B-3 are linear in the mole numbers. Two 
computational procedures are possible, each 
resulting in an approximate set of equations 
linear in all of the variables. One is to expand 
the logarithms of the mole numbers (and the 
contributions from the equation of state) in 
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terms of the mole numbers, retaining only linear 
terms. The other is to expand the mole numbers 
(and the contributions from the equation of 
state) in terms of the logarithms of the mole 
numbers, retaining only linear terms. The second 
procedure employs the exponential expansion to 
represent the mole numbers n t in terms of their 
logarithms. The Jirst procedure leads to a 
computat on method proposed for ideal gases by 
White, Johnson, and Dantzig 3 (although their 
method of derivation is less direct). The second 
procedure leads to computation methods 
proposed by Brinkley 1 and by Huff, Gordon, 
and Morrel 2 . The second procedure clearly leads to 
the better linearization of the prcMem since the 
exponential expansion is much more rapidly 
convergent than the expansion of the logarithm. 

The linearized equations, in either form, 
constitute the J ' s for the solution of Eqs. B-l 
to B-3 by sive approximations. The 

coefficients d linearized equations are 
evaluated with. approximation to the 
equilibrium exposition. An improved 
approximation is then obtained by solution of 
the set of. linear equations. The process, 
consisting of evaluation of the coefficients of 
the linearized equations and their solution is 
continued until successive approximations to the 
composition are identical to some desired degree 
of precision. The procedure, in whatever form 
the equations are linearized, is an example of the 
well-known Newton-Raphson method for the 
solution of nonlinear algebraic equations. 

Efficient and well standardized computer 
programs exist for the solution of simultaneous 
linear equations, and the methods employed do 
not need to be discussed here. This Appendix 
will therefore, be limited to the presentation of 
the necessary equations, 

We elect to express the mole numbers n* as 
linear functions of their logarithms, in the form 


n t - n f ° + n° A f + ... 
A, « fin n. - fin n° 


(B-4) 


Eq. B-4 is just the Taylor expansion of n h 
regarded a function of fin n t about a value nf to 
terms of first order in A,. With this 
approximation, Eq. B-3 becomes 

?!»„«?&, + «; - % - s v,” (B - 6) 


(j - 1, 2, . . . c). Eqs. B-5 are the linearized form 
of the stoichiometric conditions in which the 
variables are regarded to be the increments A { 
and the mole numbers nj which describe the 
sizes of condensed phases. 

B-3 RELATIONS FOR AN EQUATION OF 
STATE EXPLICIT IN PRESSURE AND 
TEMPERATURE 


Now we suppose that the equation of state of 
the gas phase is explicit in pressure,, temperature, 
and the mole numbers n { . The linear Taylor 
expansion of the chemical potential of 
gaseous constituent i'can be written 



where 

A p » fin (p/p°) 

Ay = fin (T/T°) 

and where the superscript zero means that the 
quantities so designated are to be evaluated at 
the point (p°, T°; n°, . . . nj). In writing Eq. 
B-6, Eqs. 2-66 are employed, together with the 
following relation that can be derived from Eqs. 
A-29: 



(E-7) 


where 6i> { is the Kronecker delta (5,/ r = 1 when i 
= i\ and B ( , t = 0 when i t /',) With the 
approximation expressed by Eq. B-6, the 
linearized form of Eqs. B-l is 




/pV\° 

^ " \kt) + \rt) ' 


(B-8) 


{i* - 1, 2, . . . s). The linear Taylor expansion of 
the chemical potential p', of Eqs. 2-67 is of 
.the form 


RT 




(B-9) 


With this approximation, the linearized form of 
Eq. B-2 is 
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(j 1 - 1, 2, . . . c). Eqs. B-5, B-8, and B-10 are + 
2c) linear relations between the (s + 2c + 2) 
quantities, X 2 , , . . A,.; ni, . . . n ! c ; A lt . . . A g ; 
A p , A t . They will be supplemented by two 
additional relations prescribing the state of the 
system. 

If a condensed form of a particular 
component— e.g,, j ' '“is excluded a priori on 
physical grounds, then nj is set equal to zero and 
the corresponding member of Eq. B-10 is 
eliminated. 

If the solution of the equations lea^ to the 
result that nj < 0, then nj is set equal, to zero 
and the corresponding member of Eq. B-10 is 
eliminated from consideration. As a formal 
computation device, this can be done by 
defining 


= 1 if ; = / and nj > 0 
5 y// - 0 otherwise 


(B-ll) 


It is now necessary to express the two 
independent specifications of the state of the 
system in a manner compatible with the 
linearized equilibrium and stoichiometric 
conditions. If the pressure is specified, p - p° 
and 


A p = 0 (B-12) 

Similarly, if the temperature is specified, T - T° 
and 


A r = 0 (B-13) 


Suppose that it is desired to evaluate the 
composition and thermodynamic properties at a 
specified' value of the enthalpy. With the aid of 
Eqs. A-39, the linear Taylor expansion of the 
enthalpy can be written in the form 


■ h° * znpif a, ♦ s in))- [»; - («;>“] 





(B-14) 


Rearranging, the condition imposed by specified 
enthalpy can be written 



where h is the specified value of the specific 
enthalpy. The mixture volume and its fixed 
composition temperature derivative are to be 
calculated from Eq. 2-41. Proceeding similarly, 
the condition imposed by specified entropy can 
be written with the aid of Eqs. A-40 in the form 



where s is the specified value of the specific 
entropy. 

If the volume is specified but the equation of 
state is explicit in the pressure and temperature, 
the condition imposed. by specified volume can 
be obtained in a similar manner. It is expressed 
by 



where v is the specified specific volume of the 
system. The fixed composition derivatives of the 
mixture specific volume are to be evaluated with 
the aid of Eq. 2-41. If the energy is specified but 
the equation of state is explicit in the 
temperature and pressure, the condition 
imposed by specified energy can be obtained by 
making use of the relation e * fr- pu. There is 
obtained 
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(B-18) 


Eqs. B-5, B*8, and B-10 may be employed 
together with any two of Eqs. B-12, B-13, and 
B-14 to B-18 to determine by an iterative 
calculation the equilibrium composition and 
thermodynamic properties for two 
independently specified state properties. Pairs 
that are independent are: (p y T), (p,h)> (P,$)> 
(p,v), (P,e) y (h;s), (h,v), (h>e), (s,u), (s,e), (u,T), 
and (v y e). The coefficients of the set of linear 
equations selected for the particular problem 
can all be evaluated at an approximate 
determination of the compositiomand state of 
the system in. terms of tabulated thermal 
properties of the constituents of the system and 
explicit equations of state for each phase by 
means of expressions given in Appendix A. 

B-4 RELATIONS FOR AN EQUATION OF 
STATE EXPLICIT IN VOLUME AND 
TEMPERATURE 

Now we suppose that the equation of state of 
the gas is explicit in gas phase volume, 
temperature, and the mole numbers n { . We 
employ the same procedure as that of the 
previous discussion. The linearized for of Eq. 
B-l becomes 



where 

A r * £n (r/r°) 


A t - in (Tit) 

and where, when the chemical potential is 
considered a function of volume and 
temperature, Eq. A-23 can be used to define the 
coefficient Xj;j as 


/o Jn(fy IRT X - 
7 '" ‘ V 3 Tn n. " ) 

1 T,T 

n , } d P,> 

S ‘" ~ RT j 3n, dT 


V (B-20) 


The linearized form of Eq. B-2 is 



The comments made in connection with Eq. 
B-10 apply to Eq. B-2l. Eqs. B-5, B-19, and 
B-21 are the linearized form of the 
stoichiometric and equilibrium conditions for 
use when the equation of state of the gas phase 
is explicit in temperature and gas phase volume. 

It is now necessary to express the two 
independent specifications of the state of the 
system in a manner compatible with these 
linearized conditions. If the temperature is 
specified, Eq. B-13 applies. Ihe analogue of Eq. 
B-12, namely that A T - 0 for specified f is of no 
interest except in a system consisting of a gas 
phase only. If the volume of the mixture v is 
specified, one may employ the condition 



where v is the specified specific volume of the 
mixture. For a homogeneous system, Eq. B-22 
yields the relation A r « 0 when u * r * v°. 
Suppose that it is desired to evaluate the 
composition and thermodynamic properties at a 
specified value of the energy or entropy. If y;e 
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use the linear Taylor expansions of these 
functions, the conditions imposed by specified 
energy of entropy can be written 



respectively. The derivatives of the energy are 
given explicitly by Eqs. A-41 and the derivatives 
of the entropy are given explicitly by Eqs. A-42. 

If the pressure is specified but the equation of 
state of the gas phase is explicit in the gas 
volume and temperature, the condition imposed 
by specified pressure can be written 



(B-25) 


If the enthalpy is specified but the equation of 
state of the gas phase is explicit in temperature 
and gas volume, the condition imposed by 
specified enthalpy can be obtained from the 
relation h 55 e + pv,M the form 



Eqs. B-22 to B*26 reduce to expressions that are 


algebraically much simpler for the case of a 
system consisting only of a gas phase. A 
considerable amount of simplification is 
achieved if the molar volumes of the condensed 
phases can be considered constant. 

Eqs. B-5, B-19, and B-21 can be employed 
together with any two of Eqs. B-13, and B-22 to 
B-26 to determine by an iterative calculation the 
equilibrium composition and thermodynamic 
properties for two independently specified state 
properties. Pairs that are independent are: (v,T), 
M, (v£), (v,Pk (vM (e,s), (e,p), (e;h), ($,p), 
(s } h), ( p y T X and (p,e). The coefficients of the set 
of linear equations selected for the particular 
problem can all be evaluated at an approximate 
determination of the composition and state of 
the system in, terms of tabulated thermal 
properties of the constituents of the system and 
explicit equations of state for each phase by 
means of expressions given in Appendix A. 

For the ideal gas equation of state and for 
some forms of equations of state of imperfect 
gas mixtures, the coefficients 7 ,/; are diagonal 
( 7 /#i = 0 when i'fi). If this is true for an equation 
of state explicit in the temperature and pressure, 
the gas mixture obeys the Lewis and Randall 
rule for imperfect gas mixture. If it is true for an 
equation of state explicit in the temperature and 
volume, the gas mixture obeys the Gibbs-Dalton 
rule for imperfect gas mixture. It is then possible 
algebraically to eliminate the linearized, 
equilibrium conditions from the equations to be 
solved in the method of successive 
approximations and so to reduce the dimensions 
of the simultaneous linear equations by the 
number s. There is no benefit derived from this 
procedure unless the computer memory capacity 
is limited, since the reduction in the number of 
arithmetic operations resulting from the reduced 
number of equations is exactly offset by the 
increase in the number of arithmetic operations 
required to calculate the coefficients of the 
resulting equations. 


B-5 THE INITIAL APPROXIMATION 

In order to complete the description of a 
computation procedure employing the method 
of successive approximations, it is necessary to 
specify a way of obtaining the initial 
approximation. The hypothetical system 

B-5 
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consisting of components only provides a 
convenient initial approximation to the 
composition. Our procedure requires that the 
must not vanish (although they may be 
negligibly ynall). T'ljis requirement is met if, in 
the absence of a better approximation, the 
initial approximation is taken to 'oQ 

n° » e if * ^ i(J) 

where i(j) is the constituent label of the j-th 
component and e is an arbitrarily chosen 
constant smaller than the precision with which 
the equilibrium composition is to be calculated, 
and 

n \ *'"■ % if / = i(j) 

and a condensed phase of the j-th component is 
excluded a priori, or 

n° t = e if i = i(j) 

and a condensed phase of the j-th component 
may exist, in which case 

K’°' = 9 , 

If the temperature and pressure or volume of the 
system is not prescribed, initial estimates of 
these quantities can be entirely arbitrary (but 
preferably of the correct order of magnitude) or, 
when available, the results of some simplified 
approximate calculation. 

The state for which enthalpy and pressure arc 
specified is called the constant pressure 
combustion state. That for which the energy and 
volume are specified is called the constant 
volume explosion state. The latter is frequently 
employed to describe the reaction products of a 
condensed explosive. 

B-6 CALCULATION OF THE EQUILIBRIUM 
PARTIAL DERIVATIVES 

The equilibrium derivatives (3u/3 T) p , 
(dv/dp) Tt and c p can be evaluated by means of 
Eqs. 2-48 and 2-62 if the partial derivatives of 
the mole numbers n { and n] with respect to 
temperature and pressure in equilibrium 
mixtures are determined. Expressions for v\;ese 
quantities can be obtained by differentiating, 
with respect to temperature and with respect to 


pressure, Eqs. B-l to B-3. We obtain for the 
change in equilibrium composition with respect 
to temperature at constant pressure the 
simultaneous linear equations 


? 0 » 7 n / 


ft £n n\ 3 n 1 


3 T 


3 T 


« 0 


Id 2n n\ /3\\ 

“ 9 T ) + ~ " RT* 



(B-27) 


3l 

RT 2 


For the change in equilibrium composition with 
respect to pressure at constant temperature, we 
obtain the simultaneous linear equations 


7 'iri 


Wh 


id 9.n n\ 


V d P / 

* 

* op ' 

/3 inn} 

)*?'. 

V ) 


- 0 




BT 



(B-28) 




t 


In Eqs. B-27 and B-28, the coefficients 7 ^ are 
defined by Eq. B-7. The coefficients of the 
variables of Eqs. B-27 and B-28 are the same and 
their matrix is the same as the matrix of the 
coefficients of Eqs, B-5, B- 8 , and B-10. Since the 
triangular or inverse form of the latter is 
obtained in the course of the calculation of the 
equilibrium composition, the solution of Eqs. 
B-27 and B-28 can be economically performed. 

The equilibrium derivatives (3p/3T)p, 
{dp/du) Tt and c v can be evaluated by the 
procedure described in par. 2-4 if the partial 
derivatives of the mole numbers n t and nj with 
respect to temperature and gas phase volume in 
equilibrium mixtures are determined, 
Expressions for these quantities can be obtained 
by differentiating, with respect to temperature 
and with respect to gas phase volume, Eqs. B-l 
to B-3. For the derivatives with respect to 
temperature at constant r, we obtain 


B-6 
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For the derivatives with respect to r at constant 
temperature, we obtain 



In Eqs. B-29 and B-30, the coefficients 7 ,// are 
defined by Eq. B-20. the coefficients of the 
variables of Eqs. B-29 and B-30 are the same and 
their matrix is the same as the matrix of the 
coefficients of Eqs. B-5, B-19, and B-21. The 
triangular or inverse form of the latter is 
obtained, in the course of the calculation of the 
equilibrium composition, and thus the solutions 
of Eqs. B-29 and B-30 can be economically 
obtained. 
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APPENDIX C METHOD FOR THE DESK CALCULATION OF EQUILIBRIUM 
COMPOSITION OF SYSTEMS CONTAINING COMPOUNDS OF 
CARBON, HYDROGEN, OXYGEN, AND NITROGEN 

C-1 INTRODUCTION 


In this Appendix, we outline, a simple iterative 
procedure tor the calculation of the equilibrium 
composition of systems containing compounds 
of carbon, hydrogen, oxygen, and nitrogen. The 
procedure is designed for hand computations. It 
is now well adapted to calculations on 
computers since convergence is not guaranteed, 
for all possible corabinatioris. Ibis is not an 
important characteristic for hand calculations 
since the computist cm exercise judgment to 
force convergence by adjusting the approximate 
solution employed as the basis for each iterative 
step. 

We assume *hat the calculation is to be 
performed with independent, variables, 
temperature and pressure, when an equation of 
state is explicit in temperature ar-d pressure; or 
with independent variables, temperature andgas 
volume, when the equation of state is explicit in 
these variables. If the state of the system is 
specified in another way, it is best-in using 
these methods-to perform the calculation at 
several appropriate values of the independent 
variables and to interpolate in the resulting table 
of the thermodynamic properties with respect to 
the property or properties that are specified. 

The procedure described in this Appendix 
does not lead to an exact calculation of the 
equilibrium derivatives, such as the heat 
capacity. If these quantities are required, they 
must be evaluated either by the exact methods 
described in Appendix B, using the imposition 
calculated by the method of this Appendix C, or 
by numerical differentiation in a cable of the 
appropriate property prepared by performin'? 
the calculations at seveial values of the 
independent variables. 

Hie chemical species considered n this 
Appendix, together with the label ass^sed to 
eacaspecies, are listed 


Species 

1 c-(4 

CO 

co 2 

h 2 

■H a 0 

n 2 

i or T~1 

L i 

' 2 ' 

3 

4 ~ 

5' 

6 

Species 

o a 

0 

OB 

E 

EG 

N 

i or j 

r r ' 

8 

9 

* lo H 

XI 

12 


Elemental carbon, if present, is assumed to be 
solid. 

We define a quantity ip { for each constituent 
by the following scheme: 

= H'i/(RT) (C-i) 

where Mi is the chemical potential of solid 
carbon, to be evaluated by Eq. A-4, and 

Y> { H t l(RT) - fin n { , i = 2, 3, ... 12 (C-2) 

where Mi is the chemical potential of the i-th 
gaseous constituent, <p t is the same quantity less 
the leading concentration term, and n : the 

number of moles of the i-th constituent La unit 
weight of mixture. The quantity M/ is be 
evaluated with the aid of A-29 it the 
equation of state is explicit in temperature ^ 
pressure, or with the aid ox Eq, A-23 *Z 
equation of state is explicit in temperature uad 
gas phase volume. Vic define equtiibduH 
constant k, for the i-th species oy the .«laC<in 

lo *io*, = 0.43429(2/?,,*, - *■) 

the coefficients ft, are giveii in tshies 
v/hich follow. 

The method is based on the fact that, v/iiivone 
exception receiving. special treatment, k as 
calculated by Eq. C-3 for the particular values of 
the P/y employed here are all much leas than 
unity at the pressures oS intent 1 1 ;h«« 
description of the explosion product*’ 
condensed explosives.. 

Gessretiy '>iid carbon is produced. In 
yttem coming' mb# dian required 
for complete oxidation of the early* m 
hydrogen. Usually, it is necessary iode^mine 
v..ie equilibrium composition oo he 
that solid carbon is present. I' This- cal:ulatigu 
results in a negative amount- bf eiirb^h, the 
calculation is then repeal knowledge' 

that solid carbon is absent 
We denote by q c> q hU q 0 .r ilf ths of 

gram atoms of carbon, hydrogen, oxygen, and 
nitrogen, respectively, that are preset^ in one 
gram of mixture. We affix a supmaervt zero to 
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the symbol n t to denote that the symbol so 
designated is an approximation to the 
composition of the system, and to the symbol k { 
to denote that the equilibrium constant so 
designated is to be calculated with the 
approximation n®, . . . nj 2 to the composition 
of* the system. 

C-2 SYSTEMS WITH SOLID CARBON 

The equilibrium constants k * are calculated 
with the aid of the following table of the for 
each value off for which entries are given: 


«* = 


n s ‘ V 2 n 4 




% = *;», 


« 9 = fr>,v«r 


k loV n 4. 


\ 


(C-5) 


ft/ 


C 

j = 1 

CO 

2 

H* 

4 

n 2 

6. 

eo 2 

i 

3 

-1 

2 

0 

0 

h 2 o 

5 

-1 

i 

1 

0 

o 2 

7 

-2 

2 

0 

0 

0 

7 

4 

1 

0 

0 

OH 

9 

-1 

1 

1/2 

0 

H 

10 

0 

0 

1/2 

0 

NO 

11 

4 

1 

0 


N 

12 

0 

0 

0 



Steps in the calculation are: 

(1) n j, n 4t and n 6 are calculated from the 
conservation relationships for oxygen, 
hydrogen, and nitrogen atoms: 


"u” k u n *% 

I 

(3) Steps (1) and (2) are repeated in sequence 
until successive iterations give the same 
values of n 2 , ri 4 , and n^. The amount of 
solid carbon is then calculated from 

n i s 9 c “ n 2 " n 3 (C-6) 

The calculations for n x < 0 are given in the 
next paragraphs. 

C-3 RICH SYSTEM WITHOUT SOLID 
CARBON, Qq < C 2 ^ 

The equilibrium constants k { are calculated 
with the aid of the following table of the for 
each value of i for which entries are given: 


_ o 0 „ 0 0 0 0 1 


ft/ 


CO 

H, 

H a O 

N?. 

", * flo - 2 ", - ", - 2", 



J * 2 

4 

5 

6 

". * Ul„ - ", - WnJ - ^"5o ! 

KC-4) 


i 







co 2 

a 

1 

4 

1 

0 

", * 'K - ‘K - *K, ] 


0 2 

7 

0 

-2 

2 

0 



0 

8 

0 

4 

1 

0 



OH 

9 

0 

4/2 

1 

p 

Initially, all of the n ? in these relationships can 

H 

10 

0 

1/2 

'0 

0 

be taken to be zetoi 




1/2 

(2) The remaining mole numbers are calculated 

NO 

11 

0 

4 

1 

with the equilibrium conditions: 


N 

12 

0 

0 

0 

1/2 


C-2 
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Steps in the calculations are: 

(1) The Quantities A , B, C are evaluated from 
the definitions 


(5) Steps (1) through (5) are repeated in 
sequence until successive iterations give the 
same values of n 2 , n 4 , n 6 , andn 6 . 


B = H/ - % + 9 C +2n ° + n l 

+ 'Anl - tin° 0 + n° t 

c = 9 0 - 


C-4 LEAN SYSTEMS WITHOUT SOLID 
CARBON, q 0 > 2q c + q H f 2 

Ihe equilibrium constants k { are calculated 
with the aid of the folio-wing table of the j3 l7 for 
each value of i for which entries are given: 


Initially, all of the nf in these relationships can 
be taken to be zero. 

(2) n, is the positive root of the quadratic 


+ (A*; + B + Ck° 3 )n 3 
- / = 0 (C ' 8) 

(3) n 2 , n 4 , nj, and n 6 ate evaluated from the 
relations 


n K * C- n, 

5 3 




(C-9) 


Initially, the values of and njj can be 
taken to be zero. 

(4) The remaining mole numbers are calculated 
with the relations 

* 7 - k*n\ln\ 

»» - 


n » ” 
n io “ 

" * u « 5 v/V«4 
n xi = 


(C-10) 


ft/ 

co 2 

J = 3 

h 2 o 

5 

n 2 

6 

o 2 

77 

CO 

1 

2 

1 

0 

0 

4/2 

h 2 

4 

0 

1 

0 

-1/2 

o 

8 

0 

0 

0 

1/2 

OH 

9 

0 

1/2 

0 

1/4 

H 

10 

0 

1/2 

0 

4/4 

NO 

11 

0 

0 

1/2 

i/2 

N 

12 

0 

0 

1/2 

6 


Steps in the calculations are: 

;(1) n 3 , n 8 , n 6 , and n 7 are calculated from the 
relations 

n 3 = 9 C '- n ° ) 


n, = «n® 0 

« s - %q N - W»*‘- toj, 

«, “ K, - Hf «c 

+ 'Anl + ' VteJ- - 'Anl 

+ 'K~'K 


(C-ll) 


Initially, the values of the nf may be taken to 
be zero. If q 0 *1 - 2q c , it is necessary 

initially to take n 7 to be some arbitrary small 
number, e.g., 10’ 6 , so that it will not vanish. 

(2) The remaining mole numbers are calculated 
with the relations 


C-3 
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APPENDIX D IMPERFECT GAS CONTRIBUTIONS TO THE THERMODYNAMIC 
PROPERTIES FOR SEVERAL EQUATIONS OF STATE 


D-1 INTRODUCTION 

In this Appendix, we list for easy reference 
expressions for the imperfect gas part of the 
thermodynamic properties of a gaseous phase, 
employing several of the equations of state that 
have been used to describe the gaseou products 
of condensed explosives. These expressions are 
obtained by the use of the relations deduced in 
Appendix A. 

D-2 THE ABEL EQUATION OF STATE 


The derivative y in employed in the calculation 
of the equilibrium composition is 

■ $,/, - r H /n (D*4) 

where 5 is the Kronecker delta. Although this 
equation of state has been used to calculate* 
detonation parameters, it does riot satisfy the 
identiy for volume, Eq. 2-45. 

D-3 THE ABEL EQUATION OF STATE AS 
MODIFIED BY JONES 


The Abel modification of the van der Weal’s 
equation of state has been employed to describe 
the gaseous products of condensed explosives. 
The equation is written 


Jones had modified the Abel equation of state 
for calculations of the properties of gaseous 
explosion products of condensed explosives by 
assuming that 


pr - nRT + ap (D-1) 


a * a(p) 


(D-5) 


where a is a constant covolume. (For references, 
see par. 7-9.) The partial derivatives of the 
equation of state are 


dr 
9 T 


nR, 

P 


dr 

dp 


nRT 

_2 


(D-2) 


dr 

dn, 


RT 

P 


With this equation of state, the nonideal parts of 
the thermodynamic parts of the gas mixture are 
given by 


h{T,p)-h'(T) * ap 
e(T iP )-e'(T) -0 
s(T,p) - s* <T,p) ~ 0 

c P J T ’P)r c p >n m 55 0 

M,(T,p) - p'(T,p) = o 



(For references, see Chapter 7.) With Eq. D-5, 
the partial derivatives of Eq. D-'i are 


dr _ nR 
ar ” ~p 


dr 

dp 


nRT , 

^ + a(p) 

P 


(D-6) 


dn ( p 

The nonideal parts of the thermodynamic 
properties of the gas mixture are given by 

h(T,p) - h\T) - fa(p)dp ) (DT) 


e(T,p) - e‘(T) 



s(T,p)- **(T,p) 9 0 

W ™ “ 0 

M,(T,p) - pfap) 9 0 


D*1 
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The coefficient 7*'/ employed in the calculation 
of the equilibrium composition is given by 

y t 't = 6 /,/ (D-8) 

This form of the Abel equation does not satisfy 
the thermodynamic identity for volume, Eq. 
2-45. 

D-4 THE ABEL EQUATION OF STATE AS 
MODIFIED BY COOK 

Cook has modified the Abel equation of state 
for calculations of the properties of gaseous 
explosion products of condensed' explosives by 
assuming that 

a - a(r) (D-9) 

(For references see Chapter 7.) With Eq. D-9, 
the partial derivatives of Eq. D-l are 


This form of the Abel equation does not satisfy 
the thermodynamic identity for volume, Eq. 
2-45. 

D-5 THE VIRIAL EQUATION OF STATE OF 
HIRSCHFELDER AND ROSEVEARE 

An equation of state in viral form proposed by 
Hirschfelder and Roseveare has been applied to 
the calculation of the properties of the gaseous 
explosion products of condensed explosives by 
Patterson. Patterson employs the expression 



where A, J5„an&C are numerical constants, A * 
0,625, B « 0;287, C » 0.193, and 


Bp _ nR 
3T r - a 


3P; 

or 


nRT 
(r - a)* 

RT 


[1 + a'Wl 


(D-10) 


Bn, r - a 


The nonideal parts of the thermodynamic 
properties of the gas mixture are given by 

e(r,T) - e*(T) 0 

r « 

s{t,T) ~ $ (r,T) =* nR I— dr s 

J r(r - a) 

\ p-ii) 

- aJT) = 0 

T 

*(r.r) - - - RTf~~dr\ 

The coefficient ym employed in the calculation 
of;the equilibrium composition is given by 


7,1, = 5[>! 


(D-12) 


b = 2n,b, (D-14) 

where b { is the high temperature second virial 
coefficient of the kdh gaseous constituent, 
regarded as independent of temperature. (For 
references, Chapter 7.) The partial 
derivatives of t*‘ equation of state are 


ar r r 




| (D-l 5) 


The ncnideal parts of the thermodynamic 
property are given by 


e(r,T) - e*(T) * 0 

- j’lr.r) * - nR 




(^(r.T) •> « 0 

- ftV.T) ■ *r 1 1 y); * ( M * ?)’ 


(D-16) 


D-2 
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The coefficient employed in the calculation 
of the equilibrium composition is given by 


V 1 


f 


1 + 2 mA 


W0 




n(m-l) r 


► 2 A m 

nr “1 " 


where 


f (D-17) 


Here, a, J3, and 0 are constants to which Cowan 
and Fickett assign the values a = 0.5, 0 ~ 0.09; 9 
=* 400° K. The k { are “covclume” constants 
characteristic of the individual species. (For 
references, see Chapter 7.) The partial 
derivatives of the equation of state are 
dp nR 
3 T* r 


oi tne equation ox 
1 + Xe&x 

\T+ dj' 


(1 + $x)xe l 


:dp 

dr 


nRT ( 


xa px + (1 + 


(0-19) 



D-6 THE HALFORD-KlSTIAKOWSKY- 
WILSON EQUATION OF STATE 


Halford, Kistiakowsky, and Wilson have 
proposed an empirical equation of state for the 
description of the gaseous products of 
condensed explosives. As subsequently modified 
by Cowan and Bekett, it has the form 


pr » nRT (1 + xe >x ) 
a = fc/[r(T + ef 1 
k » Xnfy 


(D-18) 


3p 

3/i, 


2?T 

r 


1 +xe p 


ttftg A I 

+ — (1 +■ frlxe 11 ' 


With this equation of state, the nonideal parte of 
the thennodynamic properties of the gas 
mixture are given by 


*(T.t) - /(T) - nRT ) *<P~ 

* /(T.t) - ’ </' ■ UtfJ 

f.ir.D - #r, - HR j * * fTj u + « * j 

U| tr.r> - Rp.r) - ♦ <«*- lJ/flj 


(D.20) 


In the calculation of the equilibrium 
composition, we employ the derivative 


»**"•*• V7-?[ 


(D-21) 
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APPENDIX E CALCULATION OF THE DETONATION VELOCITY OF THE 
THERMODYNAMIC STATE OF THE EXPLOSION GAS 


As shown in Chapter 6 (Eqs. 6-106 and 
6407), the detonation velocity D and the 
thermodynamic state at the detonation front 
satisfy the equations 


D “ v/'wT 

e, - = V4(Pj + P„)( v o - vj 


1 - P„IP t = K-^P^o ~ 1) 


(E-l) 


where the subscripts o and 1 denote initial 
conditions and conditions at the detonation 
front, respectively; K is the adiabatic exponent; 
and e, specific energy function. 

Let us suppose that the equation of state is an 
expression of the form 


P * P{v,T) (E-2) 


and that with this expression together with 
tables of the thermal properties of the in dividual 
reaction products, the specific energy, and 
adiabatic exponent are represented as functions 
of the same independent variables 


e = e{v y T) 
K = k(v,T) 


(E-3) 


products are in thermodynamic equilibrium at 
the temperature and specific volume behind the 
detonation front. The solution of the 
equilibrium conditions, necessary for calculating 
the detonation parameters with Eqs. E-2 and 
E-3, is itself a problem of considerable 
complexity. This problem has been discussed in 
Appendixes B and C where methods for its 
solutions are discussed in detail. It is apparent 
that, the solution of Eqs. E-l, satisfying the 
fu iclions represented by Eqs. E-2 and E-3 and 
object to the equilibrium conditions for the 
composition of the mixture, must be obtained 
by an iterative method. With the understanding 
that the procedures described in Appendix A 
can be employed to evaluate the functions of 
Eqs. E-2 and E-3 for specified values of specific 
volume and temperature, these functions can be 
regarded as known and we can proceed to 
formulate an iterative method for the solution 
of Eqs. E-l. 

Suppose that an approximate solution, e.g., 
(Uj T 1 ) , to Eqs. E-l has been found suid that 

p; =pK,t‘) 

< - 

- «K.T a ') 


Thus, in the solution of Eqs. E-l, we are 
required to satisfy the functions represented by 
Eqs. E-2 and E-3, in which the temperature 
appears as a parameter. 

It the composition of the reaction products is 
known, if the analytical form of the equation of 
state is a simple one, and if the thermal 
properties of the reaction products can be 
represented with sufficient accuracy by ample 
empirical equations; then an algebraic solution 
of Eqs. E-l, E-2, and E-3 can in principle be 
obtained. As an example of the theory, we 
derive in Appendix F the solution for the case 
when Eq. E-2 is the equation of state for an 
ideal gas. In general, however, the thermal 
properties of the reaction products are not 
analytic functions of the temperature, and the 
composition of the mixture of reactioh products 
is to be determined on the assumption that the 


have been evaluated. It is 
the abbreviations 


* = pjp[ 

y = 


convenient to define 
I (E-4) 


which are the corrections to be applied to the 
approximate values p\ and v' x to obtain an 
improved approximation. We also define the 


quantities 


a = pjp[ 

b - vjv[ 

c = 2 («; - «.)/&>; v[) 


(E-5) 


which can be evaluated at Now, as an 

approximation, we assume that the detonation 


E-1 
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products are poly tropic between (v* ,T' ) and the 
correct solution to Eqs. E-l, (v lt T l ) i with 
adiabatic exponent K x - . With this 

assumption 

e i - < “ ^TTi (E-6) 


By use of Eqs. E-4, E-5, and E-6 the bottom two 
equations in E-l can be written as 


(#c' - l)(c - ab + ay) - 2 
(<- 1) b-frc[ + l)y~ 


y = 


k' x + i 


b + 


/c' + 1/ rc 


(E-7) 


and solved for* and y. 

l or a condensed explosive, the ratio pjp 0 is 
the order of 10 5 . Since the ratio Pilp\ is of 
order unity, a « 0 to a very good approximation 
for condensed explosives, and the solution of 
Eqs. E-7 can be written 

* -- «- l)(c/b) +2/6 

y - icJ5/(k' + 1) 


For a gaseous explosive, Pi/p 0 is of order 10 
and it is not permissible to neglect p 0 in 
comparison top* in the solution of Eqs. E-7. 
The separation of variables in Eqs. E-7 results in 
a pair of simultaneous quadratic equations. 
Instead of solving them in this form, it is 
convenient to use successive 
approximations— employing the second of Eqs. 
E-8 to begin the iteration— and then employing 
Eqs. E-7 in sequence to determine successive 
approximations to x and y, a process that 
converges very rapidly. 

Having determined x and y, and these 
improved estimates of p x and % ; we can obtain 
an improved estimate of the temperature Ti 
from the equation of state. For a condensed 
explosive, requiring the use of a nonideal 
equation of state explicit in temperature and 
volume, the evaluation of the temperature must 
usually be carried out by successive 
approximations because of the practical 
impossibility of inverting the equation of state 
to obtain an expression giving temperature as 


function of volume and pressure. For a gaseous 
explosive, for which the ideal gas equation of 
state is sufficiently accurate, we can write 


T ± - T[xy (E-9) 

and this expressiori can be used to start the 
successive approximations to determine T. 

We have developed a procedure to obtain an 
improved estimate (v t ,T.) to the solution of 
Eqs. E-l, satisfying the functional relations of 
Eqs. E-2 and E-3, when an approximation 
solution is known. We have thus, 

without assumption regarding the fonn of the 
equation of state, formulated an iterative' 
procedure for the solution of these equations. 
At each stage of the iteration the equilibrium 
composition and thermodynamic properties, are 
evaluated, using standard computational 
procedures,, for the thermodynamic state 
specified by the approximate solution. When x = 
y = lPi -pi v x - v' x T x = Ti, and the detonation 
can be calculated with the top equation in E-l. 
The comparison of x and y with unity affords a 
test, at each stage of the iteration, of whether or 
not the iteration has converged. The usefulness 
of this computational procedure results from the 
facts that the adiabatic exponent is an 
insensitive function of state and that the 
polytropic assumption, Eq. E-6, is employed 
between states whose separation tends to zero as 
the iteration proceeds. In application, this 
procedure has been found to converge very 
rapidly. 

In order to complete the formulation of the 
computational procedure, it is necessary to 
specify a way to obtain a first approximation to 
the desired solution. For this purpose, it is 
convenient to employ the poly tropic gas relation 
between the Chapman-tJouguet pressure and the 
constant volume explosion pressure p e . 

e(P e >u o ) “ % (E-XO) 

can be used to calculate the thermodynamic 
properties of the constant ‘/olurae explosion 
state by the methods described in Appendix B. 

On the assumption that the detonation 
products are polytTopie between the states 
(p { ) and )p et v Q ), we can write 
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l 




e(P r ,v j)- e(p c ,o o ) 

K , = K (P '’ V ») 


(E-ll) 


With Eqs. E-10 and E-ll, the Hugoniot equation 
can be written 


P* 


+ 1 


- 1 


^-1 


A 

A 


K - 1 \U, 


(E-12) 



The expansion 

• 5l_ (i - lA p 0 (E-15) 

p, = 2 V 2 / p ‘ 



is correct to terms of order (p 0 /Pe ) 2 • ^or a 
condensed explosive, p Q can be neglected in 
comparison top*, and £q. E-14 reduces to 


Eliminating the ratio of the specific volume by 
means of the third of Eqs. E-l, we obtain the 
quadratic equation 



where p 2 * (k e - \){k c + 1). Since p 1 >p«., the 
desired root is 


Pl /P< - 2 (E-16) 

Even for a gaseous explosive, the approximation 
given by Eq. E16 differs from the result bf Eq. 
E-14 or Eq. E-l 5 by almost a few percent. 

From this analysis, we conclude that an 
appropriate first approximation to the pressure 
p can be obtained from the constant volume 
explosion pressure p t through Eq. E-16. The 
corresponding first approximations to the 
specific volume Uj and temperature T y can then 
be obtained from the second of Eqs. E-l and the 
equation of state, respectively. With the 
specification of the initial approximation and 
the formulation of an iterative procedure, the 
computational procedure for the solution of 
Eqs. E-l is completely formulated. 


4 
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APPENDIX F CALCULATION OF THE DETONATION VELOCITY FOR IDEAL GASES 


As -ihown in Chapter 6 the detonation pressure 
p, and the detonation specific volume v x are 
determined by solving the equations . 

e i - e, = 'h(p K + Pa )(v 0 - v x ) 


explosion products at pressure p a and 
temperature T 0 . For an ideal gas, the enthalpy is 
independent of the pressure and a function of 
the temperature only. Therefore, theleft-hand 
side of Eq. F-4 can be written . 


i - p 6 /Pr MVo ' D 


and the solution requires the introduction of an 
equation of state. When it has been obtained, 
the detonation velocity D and the particle 


velocity can be evaluated using the equations 
D ■ -OV I (F-2) 

u i “ ^<1 - fi a v i) 


As an example of the application of the theory, 
we derive in this Appendix the solution of Eqs. 
F-l for the case where the explosion products 
are described with sufficient accuracy by the 
idea gas equation of state 


h(P o >T 0 ) 


- iflTJ - h°(T 0 ) 

- “ To) 


(F-5) 


where fi(T) - h(T } p - 1 atm) is the ideal gas 
specific enthalpy of the> explosion products and 
c£ is the average specific heat of the explosion 
products between temperatures T 0 and T x . 
When this expression is substituted into Eq. F-4 
and the temperature T* eliminated by means of 
Eq. F-3, we obtain 



(P-6) 


= 9 + '^(P, " P 0 ){v t + "„) 


pv = nRT (F-3) 

where n is the number of moles of gas produced 
by unit weight of explosive. We also assume that 
the composition of the explosion gas is frozen 
and is known. In order to calculate the 
detonation velocity and detonation properties of 
a gaseous detonation, to which case the ideal gas 
equation of state is accurately applicable, the 
results of this Appendix can be employed 
iteratively with the procedure for the calculation 
of the equilibrium composition that has been 
described- in Chapter 2. The results also provide 
a basis for approximate relations that are of 
practical interest for the estimation of the 
explosion properties of condensed explosives. 

It is convenient to transform Eq. F-l by the 
introduction of the specific enthalpy h = e + pv 
and of the specific heat of explosion, defined by 
Eq. 6-8. When this is done, we obtain 

!i r h(p d ,TJ - 5 + V4(Pj - p„)(v, + u n ) (F-4) 
where h(p ot T 0 ) is the specific enthalpy of the 


When the abbreviations X s * fv ot y * p, /p ot a * 
2 c%/nR, b * 2 (q + c]f T 0 )/(p 0 v o ) are 
introduced, Eq. F-6 becomes 

(a - l)xy +x-y*&-l (F-7) 

In the special case that the average specific heat 
cj is a constant, Eq. F-7 describes a rectangular 
hyperbola. 

For an ideal gas, the adiabatic exponent k is 
equal to the ratio of the heat capacity at 
constant pressure to that at constant volume, 

K - oX = 7° < p - 8 > 

By using the abbreviations x and y, the second 
of Eqs. F-l can be transformed to the expression 

(y° + l)xy - x - y°y * 0 (F-9) 

Eqs. F-7 and F-9 are to be solved simultaneously 
for* andy. 

Upon separation of the variables, a pair of 
quadratic equations is obtained 


F-1 
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(if + (7,° + 1)6* + 7?(b- 1)= 0 j 

hi (o - i) - 7° - i]y 2 j(P-10) 

- (7° + 1)(6 - 2 )y +6-1=0 ' 

These equations can be solved with the aid of 
the usual formula for the roots of a quadratic 
equation. Each has two real roots. The 
Chapman-Jouguet detonation, which is here the 
solution of interest, corresponds to the pair for 
which x < 1, y > l.^The pair for which x > 1, y 
< 1 corresponds to a Chapman-Jouguet 
deflagration.) After x and y have been obtained, 
u 1 and p x can be evaluated and the temperature 
Ti of the Chapman-Jouguet state can be 
evaulated with the^aid of the equation of state, 
Eq. F-3. 

Both the average specific heat and the heat 
capacity ratio are ftmctions of temperature, 
although the temperature dependence is not 
very strong. If an attempt is made to include the 
temperature dependence explicitly by expanding 
these quantities as a pov/er series of the 
temperature, the expressions replacing Eqs. F-10 
become of order higher than the second and 
their solution becomes awkward. It seems 
better, therefore, if precise results are desired, :to 
conduct the calculations iteratively. The average 
specific heat and ratio y° are evaluated at an 
approximate temperature. The solution of Eqs. 
F-10 and F-3 will then yield an improved value 
of the temperature, upon which a second 
solution can be based. If it is desired to 
elaborate the calculation to the extent of 
requiring that the explosion products be in 
thermodynamic equilibrium, the composition of 
the products can be adjusted at each stage of the 
iteration by calculating the equilibrium 
composition at the approximate temperature 
and pressure of the particular iteration. Whether 
the equilibrium calculation is performed or not, 
the successive approximations will be found to 
converge rapidly. 

As a useful approximation to obtain estimates 
of tire detonation properties, one can assume 
that the explosion gas is polytropic with a 
constant heat capacity. Then 


a = 2y°l(y° - 1) 

6 = [q + 7°nRTJ(y ° - 1)) 

O 


(F-ll) 


In this approximation, Eqs. F-l^ can be written 



y 2 - (7° “ 1 )(b - 2)y 


1 ~ 1 
7° + 1 


(b - 1) 


0 


In the polytropic approximation, y° is a known 
constant, independent of the temperature. 
Therefore, Eqs. F-12 can be solved at once and 
an iterative calculation is not required. 

Relations that are convenient for order of 
magnitude estimates of the detonation 
properties can be obtained from a further 
approximation to Eqs. F-12. On the detonation 
branch of the Hugoniot curve, x is of order 
unity, and y and b are large compared to unity. 
As a first approximation, the roots of Eqs. F-12 
corresponding to the Chapman-Jouguet 
detonation can be written 


x = 7°/(7° + 1) 
y s (7 P - l)b 


(F-13) 


Futhermore, q is much greater than c" T a . 
Therefore, Eqs. F-13 result in the approximate 
relati ms, 


v 0 y°l(y° + l) 
2 9(7° ~ !)/»« 


(F-14) 


The corresponding approximation to the 
detonation temperature is obtained by 
substitution in the equation of state 


T /V\ 7 “(7° - 1) 

1 W/ 7° + 1 


(F-15) 


F-2 
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in standard state 2-9 
specific 2-9 
Gibson 5-21, 5-22 
Gipson and Macek 11-23 
Godunov 14-5, 14-7 
Goranson 5-8 
Gray 4-4 
and Williams 4-4 

Gross and Amster 12-8; 12-9, 12-10 
Gross composition, specification of 2-2 


Gumey 

constants, Table 3-8 
comparison of with Q , Table 3-8 
formula; definition 3-5 

H 

Haleite See: EDNA 

Halford, Kistiakowiiky, and Wilson 7-18, 8-9, 

D-3 

equation of state *3-9, D-3 
Happel and Majumljar 7-16 
Harlow 14-11 
Hartree method 144, 14-3 
Ha* 5-23 
He 

cap acity A-l, A-3, A-5, A-6 
conduction 10-7, il0-8, 13-5 
of formation A-3 
radiation of 13-5 

release 3-1, Table 3-6, Table 3-7, 6-2 
computation 3-5 
equation for Hei;s* law 3-1 
in detonation 3-1 
sample values Table 3-2 
specific 240, 242, 7-3, 1441, D-l, D-2, D-3, 
F-l 

transport, cause ofi detonation 1-3 
Helmholtz free energy 247, A-4 
in standard state 2-9 
HEMP 14-7 
Herrmann 14-7 
Hess’ law 3-1 

Heterogeneous explosives See: Explosive, 
nonhomogeneous 
Heterogeneous system B-l 
Hilsenrsth and Beckett 13-10 
Hirschfelder 
and Roseveare 746., D-2 
Stevenson, and Eyring 747 
HMX Table 14, Table 1-2 
Homogeneous explosives See: Explosive, 
homogeneous 

Hotspots 10-22, Table 10-5, 11-5, 1140, 1143, 
11-17, 14-13, 14-14, 11-24, 12-6, 12-9, 12-11 
critical 12-11 
pressure 11-14 

temperature 1144, :ll-15, 1146, 

Table 12 3 

See: Explosion, thermal 
Huff, Gordon, and Morrell B-2 
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Hugoniot 2-29, 13-7 
adiabat 11-2 
and Ran kin e 1-1 
curve 2-29, 5-10, 6-3, Fig. 6-2 
definition for an explosion 8-11 
equations, cyiindrically symmetric flow 9-7 
jump conditions 14-2 
of explosive 11-2 
points 14-11 
relations 8*6 
shock front 1-1 
Hiiygen’s principle 9-12 
Hydrodynamics 
cause of detonation 1-3 
conservation equations 1-1 
definition 14-1 

equations 2-18, 2-20, 8-1. 14-2 
Eulerian equation of 13-28 
explosion phenomena of 1-1, 1-6, 2-1 
for point source model 13-12 
of reacting continua 2-16 
theoretical development 2-1 
Hyperbolic equations 2-27 

I 

Illumination 5-3 
Image-converter tube 5-4 
Image dissection 5-3 
Impact 
sensitivity 1-8 
tests 12-1 

Implicit methods 14-10 
Impulse, positive, as parameter of shock wave 
5-19 

Induction time 10-6, 10-12, IQ- Table 10-5, 
11-7, 11-30, Fig. 11-8, Table 12-11, 

14:13 

Inerts as ballast 1-3 
inhomogeneous explosives See: 
inhomogeneous 
Initiating mechanisms 11-1 
Initiation 11-1, 14-13 
air bubbles effect 11-10, 11-17; 
by friction 11-17, 12-1, 12-14, 3 12-8 

by impact 11-17, 12*1, 12-6 
cavitation model 11-28, 11-29 
confinement effect 12-15 
diameter, critical 11-20, Table 11-3 
duration of shock pulse effect 11-19 
grain size effect 11-24 
in gas bubble 12-8 


inhomogeneities effect 11-5 
Mach disc model 11-28 
porosity effect 11-3, li-18 
process of low-velocity detonation 11-26, 
11-28 

thermal 12-1, 12-6 
time, critical 11-20 
Initiator, types of 
mechanical shock 1-4 
thermal source 1-4 
In-material gage 5-10, 5-13 
interferometer, laser 5-16 
Inviscid motion 2-17 
Ionic solids 4-6 
Ionization probes 5-4 
Irreversibility 13-5 

Irreversible process 2-7, 2-18, 2-19, 2-28 
Isen trope, properties of 2-16 

J 

Jacobs, Liddiard, and Brimmer 12 17 

Jameson 5-23 

Johannson 1?-S 

Jones 5-8, 5-18, 5-21, 7-6, 9-10 

Jouquet rule 6-6, 8-7, 6-11, 6-14 

K 

Kerr effect 5-3 
Kinetics, chemical 1-2 
Kirkwood 

and Bethe 13-8, 13-10, 13-26, 13-27, 13-30, 
13-32 

and Brinkley 13-7, U-27„13-8S, 
and Wood 8-11, 8-14 

L 

Lagrangian 14*5, 14-9 
equations of motion 2-16, 2-20 
Lamboum and Hartley 14-4 
Landau and Lifshitz 3-5 
Landshoff 14-5 
Langley 14-5 
Laser interferometer 5-16 
Law 

8ee:Arrhenius equation 
See; Burning law 
See: Conservation equations 
See: Daltons law 
See: Hess’ law 
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Law (cont.) 

See: Perfect gas law 
See: Planck’sdistribution law 
See: Wien displacement law 
Lawton and'Skidmore 8-9 
Lax 14:7 

and Wendroff 14-5, 14-7 
Lax-Wendroff 14-6 
Lead azide Table 1-1 
Lead block test 5-25 
Lead styphnate Table 1-1 
Leapfrog 14-6 
double 14-7 

Le Chatelier See: Mallard, detonation, theory of 

Lens, plane wave 5-9 

Lewis 

and Friauf 6-20 
and Randall rule B-5 
Lucite wedge 5-15 

M 

Macek 12-15, 12-17, 12-20 
Mader Table 3-5, 11:10, 14-14 
Magneto-optic effect 5-4 
Makino 13-33 
Makovjjky 
and Gruenwald 4-6 
and Lenji 4-5 

Mallard, detonation, theory of 1-1 
Manganin gage 1-2, 5-10, 5-13 
Massau 14-2, 14-3 
Martin and Saunders 12-6 
McQueen 13-38 

Measurement of detonation parameters 5-1 

Mercury fulminate Table 1-1 

Method 

See: Argon gap method 
See: Characteristics, method of 
See: D’Autriche method 
See: Hartree method 
See: Implicit method 
See: Method of characteristics 
See; Newton-Raphson method 
See: Up-and-down method 
Method of characteristics 14-1 
Meyer 14:2 
Microballoons 5-15 
Mixture 

composition of 2-1 
constant composition of 2-10 
constituents of 2-4 
heterogeneous 2-10 


Mitchell 4-9 
Modular codes 14-14 
Mole number 14-11 
Muller 14-10 

N 

Newton-Raphson method B-2 
Nicholson 4-6 
NIP 14-4, 14-13 
Nitrobenzene 5-3 

Nitroglycerin 1-1, Table 1-1, Table 1-2, Table 
5-2,5-22,11-26,12-8 

Nitromethane Table 1-1, Table-L-2, 5:23, Table 
11-2, 11-7, 11-10, 11-13, 11-14, 11:15, 11-16, 
11-17 

NG See: Nitroglycerin 
NM See: Nitromethane 
Nobel 1-1 
Noh 14-10 

NonequjMbrium states 14-11 
Nuclear tests 5-10 


0 

OIL 14-9 
Oppenheim 
and Urtiew 8-14 
Manson, and Wagner 8-14 
Omellas 3-2 
Osborn 14-14 
Oxidizer 
in explosives 1-3 
types Table 3-1 
Oxygen balance Table 3-6 

P 

Particle-in-cell 14-10, 14-11 
Particle velocity 5-7, 5-15, F-l 
equation for 6-24, 7-3, 7-4, 7-7 
Paterson 7-17 

PBX 9404, composition of Table 1-2 
Penney and Dasgupta 13-23 
Pentaerythritol tetranitrate See: PETN 
Pentolite 13-33 
composition of Table 1-2 
Perfect gas law 14-11 
PETN Tables 1-1, 1-2, 5-2; 5-22 
as homogeneous explosive 11-10, Table 11-2 
charge diameter 9-3 
Petrone 14-13 
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Phase 

condensed, in mixture 2-1, 2-3, 2-10 
gas in mixture 2-1, 2-3 
rule 2-3 

PHERMEX 5-18 
Photography 
argon flash 5-3 
Deal 5-18 
Dewey 5-19 

Doering aha Burkhardt 5-18 
exploding wire 5-3 
framing 5-3 
high-speed 5-1 
illumination 5-3 
image dissection 5-3 
PHERMEX 5-18 
Schall 5-18 
spark discharge 5-3 
See: Camera 

Photo-optical systems 5-4 
PIC See: Particle-in-cell 
Picric acid Table 1-1 
Piezoelectric gage 5-10 
Piezoresistive gage 5-10, 5-13 
Pin technique 5-15 
PIPE 14-7 

Planck’s. distribution law 5-21 
Plane wave lens 5-9 
Plate-dent test 5-25 
Point source model 13-12, 13-27 
Polarization 5-14 
Poly tropic gas 13-23, 13-37 
Power of an explosive 5-24 
Pressure 
as property 

of exploeive 1-3, 1-4 
of homogeneous phase 2-4, 2-5 
thermodynamic 2-10 
blast 5-19 

C-J, equation for 3-6 
dynamic 13-10 
in reversible process 2-8 
of detonation 5-5, 5-9 
of reaction 1-2 
transducer 5*10 
Price 3-5 
Principle 

See: Fermat’s principle 
See: Huy gen’s principle 
Probes, ionization 5-4 
Process 

equations for 2-9 


.. . . 

f 

infinitesimal 2-5, 2-7, 2-8 
irreversible 2-5, 2-7 
natural 2-5 

of isolated system 2-8, 2-8 
reversible 2-5, 2-7 
thermodynamic 2-5 
unnatural 2-5 
Propagation 

blast See: Blast, propagation theory 
velocity, de hnition of 1-6 
Propellant 1-3, 11-3, 11-20, 11-26 
Prout and Tompkins 4-2 

Q 


Quartz gage 5-10 


R 


Radiation 


damage 4-18 
of heat 13-5 
Rankine 2-29 

shock front, discontinuous 1-1 
Rankine-Hugoniot equation 2-29, 6-1 
Rarefaction 13-3 
wave 2-24 
Rayleigh 

line 6-3, 14-5, 14-8 

W2VPK 1 .1 

RDX Table 1-1, Table 1-2, Table 5-2, 5-22 
Reaction 

decomposition 1-2, 2-2, 4-5 
heat of 6-2 
initiation 8-5 
order of 10-8 
process 14-1, 14-13 
progress variable for 8-3 
products Table 3-1 

rate 2-17, 2-18, 10-1, Table 1(1.1, 10-3 
equation 8-2, 10-8 
water-gas 3-2 
waves 
boundary 
rigid 8-9 



free 8-9 
general 8-6 
polytropic gas 8r8 
stability 8-12, 8-14, 8-15 
zone 8*1, 11-23 
cylindrical charge 9-3, 9-4, 9*9 
diverging flow 9-4 
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Reaction Zone (Cont.) 

fine structure 8-14 
length 9-9 

Mach interactions 8-15 
mechanisms 11-24 
turbulence 8-15 
Release wave model 9-12 
Retonation 12-15 

Reversible process 2-7, 248, 2-19, 2-28 
Rezoningl4-9 

Richardson, Arons, and Halverson 13-23 
Richtmyer and Morton 14-5,14-6 
Rideal and Robertson 12-8, 1241 
Riemann 
function 13-25 
invariants 2-22 
shock waves 1-1 
RUBY 14-11 
Rule 

See: Gibbs-Dalton rule 
See: Jouquet’s rule 
See: Lewis and Randall rule 
See: Phase, rule 
Rusanov 14-7 
Rydberg constant 4-9 

S 


Sachs 13-38 

Safety in handling 4-1, 10-1, 10-18, 114, 11-26, 
12-1 

Schall 5-18 
Schmidt 7-2, 7-8 
Schott 844 
Scorah 6-21 
Seaman 14-7 
Secco 4-16 
Seismic waves 13-23 
Self-heating 4-1 
Semenov i04 

Sensitivity 11-26, Table 11-7, 124, 12-4, 12-6, 
12-8 

of explosive 1-8 

relation to . melting temperature 12-9 
Shchelkin 8-14, 845 
Shear 8-9, 9-15 
and Wright 13*33 
Shock 
front 13-3 
velocity 5*7 
wave 2-25 

chemical reaction 14 


detonation 1-1 

from explosive charge 1 3-1 

in solids 13-38 

line 14-4 

nonreactive 1-1 

propagaton of 1-3, 13-5, 13-26 
properties of 1-1 
scaling of 13*33, 13-37 
stability 1-29 
weak 14-4 
Shuster 14 
detonation wave 1-1 
Simple waves 2-23 
Skidmore and Hart 8*9 
Smith and Calvert 4-6 
Smoke trails 5-21 
Soloukhin 8-14 
Sombrero 14 
Sonic 249 
subsonic 249 
supersonic 249 
Sound velocity 244 
equilibrium, 7-14 
frozen 7-14, 8-12 
Spacelike 2-22 
Spark 

as external initiating stimuli 1-3 
discharge 5-3 
types of 1-3 

Specific heat See: Heat, specific 
Spherical geometry 13-1, 13-2, 1342 
Standard state 2-9 
Steady-state 
detonation 

charge diameter effect bn 1-3 
theory of 1-1 
of wave 1-6 
Stimuli, initiating 
See; Heat 
See: Impact 
See: Shock 
See: Spark 
Stoichiometric 
conditions B4, B-2, B-4 
mathematical expressions of 2-3, 2-8 
constants 2-2 
equations 8-2 
Strehlow 8-14, 8-15 
and Fernandes 8-15 
STRETCH 14-11 
STRIP 249 
Subsonic 249 


1-9 


AM CP 708-180 


Sulfur gage 545 
Supersonic 2-19 
SWAP 14-4 
Systems 

See: Electrical systems 
See: Heterogeneous system 

T 


Taffanel and D’Autriche 7-2, 7-9 

Tait equation of state 13-23, 13-31, 13-37 

Target 13-4 

Taylor 715, 13-13, 13-23 
wave 5-10, 8-8, 13-13 
Taylor, G. I. 9-13 
Technique 

See: Experimental technique 
See: Pin technique 
Temperature 
as property 

of homogeneous phase 2-4 
thermodynamic 1-10, A-l, A-3 
in equation of state relation 2-10 
in reversible process 2-8 
Test 

See: Ballistic Mortar test 
See: Gap test 
See: Impact tests 
See: Lead block test 
See: Nuclear tests 
See: Place-dent test 
Tetranitromethane See: TNM 
Tetryl Table 1-1, Table 5-2 
Thermal expansion coefficient 14-11, A-2 
THERMO 14-11 

Thermochemical data on explosives Table 3-1 
Thermodynamic (s) 
cause of detonation 1-3 
first law of 2-5, 2-7, 2-7 
process, definition 2-5 
properties 2-10, A- 5, A-6, D-l 
gas mixture A-l, A-3 
heterogeneous systems A-6 
pure condensed phase A-l 
second law of 2*5, 2-7 
state E-l 

theory of 1-2, 2-4 
Theory 

See: Berthelot, detonation, theory of 
See: Blast, propagation theory 


See: C-J theory 
See: Detonation, theories of 
See: Mallard, detonation, theory of 
See: Thermodynamics, theory of 
See: TNT, propagation theory 
TIGER 14-11 
Timelike 2-22 
TNETB Table 1-1 
TNM Table 1-1 
TNT Table 1-1, Table 1-2 
as equivalent weight 13-38 
as homogeneous explosive 1140, Table 11-2 
burning rate and sensitivity 12-15 
charge diameter 9-3 

conductivity profile in detonation zone 5-23 

decomposition equation of 2-1 

energy .of explosion of 13-23 

“equivalent” 1-3 

finite charge of 13-15 

granular 11-26 

pressure-distance curves for 1349 
pressure ratio vs charge radii Fig. 13-20 
pressure4ime curve for 13-19 
propagation theory 13-32 
TOODY 14-13 
Transducer, pressure 5-10 
Transfer 
electron 4-18 
proton 4-18 

Trinitrqphenyl methylnitramine See;, Tetryl 
Trinitrotoluene See: TNT 
Trulio 14-7, 14-10 

U 

Underwater performance 3-5 
Up-and-down method 124, 12-4 
statistical analysis of 12-4 


V 

van der Waal D-l 
van Tiggelen and de Soete 8-14 
Velocity 
deflagation 1-8 
particle 5-7, 5-15, F-l 
equation for 6-24, 7-3, 7-4, 7-7 
shock 5-7 

See: Detonation, velocity 
See: Sound velocity 
Vkdie See: Berthelot 
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Viscosity, artificial 13-12, 13-13, 14-1, 14-5 
linear 14-5 
other fonus 14-5 
quadratic 14-5 
Volume 

as property of homogeneous phase 2-4 
in reversible process 2-8 
molar A-l 
specific 2-9 

of C-J state 8-3, 7-7, 7-9 
Von Neumann 8-5, 8-6 
and Richtmyer i 3-12, 13-13, 14-5, 14-6 
spike 5-9 

W 

Wagner 8-14 

Warner 11-24, 14-13, 14-14 
Wave 1-1 

blast 13-1, 13-7, 13-10 
deflagration S-3 
detonation 1-1, 1-8 
propagation 14-1 

multidimensional 14-4, 14-5 
rarefaction 2-24 
reaction 1-1 
retonation 12-15 
seismic 13-23 
shock 7-25, 1*38 


simple 2-23 
stability 2-29 
steady-state of 1-45 
three-dimensional 8-14 
See: Taylor, wave 
Welding 1-2 
White 8-15 

Johnson, and Dsntzig B-2 
Whitham 14-4 
Wien displacement law 5-21 
Wilkins 3-9, 14-7, 14-13 
Willis formula 13-21 
Wood 

and Kirkwood 8-12, 8-14, 9-6, 9-9 
and Salsburg 8-14 
Woolfolk and Amster 11-29 


X-ray, flash 1-2 
densitometry 5-7 
photography 5-18 

Z 

Zeldovich 6-21, 8-5 
Zemow 14-13 

Zinn and Mader .10-1, 10-7, 10-12 
Zubarev Table 3-5 






